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6.1

SECTION 6.0
ATTITUDE STABILIZATION AND CONTROL SYSTEM

6.1 ATTITUDE STABILIZATION AND CONTROL REQUIREMENTS

6.1.1 Mission Requirements

The requirements for the ATS-4 mission, as imposed on the Attitude Stabili-
zation and Control System (SCS), are to establish a desired vehicle orientation,
control the commanded offset pointing direction of the spaéecraft-antenna,
execute commanded tracking maneuvers, monitor system performance, and
perform certain control system experiments. This is to be accomplished

throughout a two year mission with a complete SCS reliability goal of 0. 9.

6.1.2 Control Accuracy

Upon command, the SCS is required to offset point (from the nominal direction)
the spacecraft-antenna to any point on the Earth disc within a 3-sigma accuracy
of 10,1 degree in pitch and roll, and 0. 2 degree in yaw. The time to change
from an offset pointing direction on one edge of the Earth disc to a direction on
the opposite edge, and again achieve the specified pointing accuracy, shall be
no more than 30 minutes, While performing commanded tracking maneuvers
(e.g., using low-Earth satellites) the accuracy requirement is + 0.5 degree

(3-sigma), up to a maximum tracking rate of 10 milliradians per minute,

6.1.3 Control Modes

Throughout the mission, numerous control modes are employed with specific
control requirements, These control modes are listed below, with their de-

tailed requirements and operational characteristics given in the subsequent

section of this report.

° Ascent and orbit injection ' Offset pointing
] Initial rate arrest ] Satellite tracking

° Acquisition




6.2 ATTITUDE REFERENCLE SUBSYSTEM

6.2.1 Alternate Approaches

Various Attitude Refercnce Sub-system (ARS) configurations have been con-
sidered for the ATS-4 vehicle, They have been examined relative to aecquisi-

tion, attitude hold and mancuvering requirements, Theyv include:

° Horizon Sensor/ Polaris Star Tracker ARS

° Multiple Star Tracker ARS

° ESG/Star Tracker ARS

° Horizon Sensor/Monopulse/Polaris Star Tracker ARS
° Gyro Attitude Reference ARS

These configurations are discussed below with their advantages and disad-
vantages in the various modes, A diagram showing the nominal Earth-orbit

reference coordinate system is shown in Figure 6-1,

Horizon Sensor

Because the ATS is kept earth-oriented, the most direct method for determining
local vertical (pitch and roll) is by usc of a horizon scnsor. The yaw sensing
could be obtained by gyro compassing techniques using rate integrating gyros
which are stabhilized on the long term basis by the horizon scensor. A Polaris
star tracker could be used to provide yaw attitude error in lieu of the gyro

compassing technique. Sun sensors are required for initial acquisition.

The yaw accuracy in a gyro compassing configuration is dependent upon the
drift of the roll gyro. At synchronous orbit altitude the orbital rate is small;
thus, the rate component sensed by the roll gyro to give the vaw information

will be very small, To achieve 0, 2 degree accuracy in yvaw will require a
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roll gyro with a total drift of less than 0. 04 degree/hr. Drift trimming dur-
ing the mission will be required to maintain this drift rate. Offsets of the roll
torquer and torquer amplifier will also contribute to the yaw error. To pro-
vide drift trim, the drift rate of the gyro must be determined. Because of the
roll-yaw coupling in an earth-oriented mode, this will be difficult to measure.
For example, the yaw error is a function of the roll gyro drift, but there is

no means to provide roll drift directly., Both the roll and yaw errors are func-
tions of the yaw gyro drift, Roll error could be determined from the horizon
sensor; however, the portion that is due to yaw gyro drift must be separated
from the other error components. To remove the effects of the roll-yaw coupling
the vehicle would have to be controlled to an inertially fixed refercence (i.e., sun

or star) for a period of time. With vehicle fixed, the gyro outputs then could

he monitored for an indication of drift,

Additional errors result in both roll and yaw during the time that roll offset
angles arc being held. Because of the offset condition, the yaw gyro will
sense a component of the orbital rate even though there is no yaw error. This
results in an additional hangoff error for both the roll and yaw axes. If the

gains can be made high enough in the gyro loops these errors should be small.

The required yaw accuracy is easily achieved by using a star tracker to track
Polaris. Small diurnal corrections must be provided since Polaris is not exactly
perpendicular to the orbit plane. Table 6-1 lists the characteristic of a horizon
sensor ARS using a Polaris star tracker as the yaw reference. The physical
characteristics for the rest of the SCS are also included in Table 6-1 for re-

ference purposes; these will be substantiated in later portions of this section.

Multiple Star Tracker ARS -- The desired attitude reference could also

be obtained by employing two or more star trackers to derive pitch and roll

information. These additional star trackers would require large excursion




Table 6-1. SCS Characteristics - Horizon Scanner/Polaris Star Tracker ARS

. Power (watts
Components (\ég}uﬁll(e;h) Vzﬁlsg)h T [ (Aver:ge
Polaris Star Tracker 1000 20 20 4
2-Axis Horizon Scanner 500 18 6 3
Acquisition Sun Sensor 28 3 -- B
3-Axis Gyro Unit 300 10 30 20
Wheel Drive Electronics 140 5 12 4.5
Inertia Wheels 1060 34.2 60 21
Reaction Jet Subsystem 2800 54 20 0.5
SCS Controller © 860 30 30 30
Power Inverter _5_2_0 18.6 20 5
TOTAL 7208 192.8 198 88.0

gimbals and a significant increase in computation complexity over the
approach described previously. Depending upon the gimbal travel and
field of View, at least three additional star trackers would be required

to alternately track different stars in the vicinity of the earth's equatorial
plane. The increased computation, increased cost, and decreased

reliability of this approach are its undesirable features.

- Because ATS-4 is earth oriented, the star references appear to be varying
constantly in hody coordinates. Thus, in determining the attitude errors,
an orbital ephemeris must be included in the computations. Because the
stars do not have an orthogonal relationship, the attitude error computations
are more complex than for the gyro or horizon sensor configuration.

4



If one star tracker were to provide the pitch control for the entire orbit,

it would have to be gimballed to provide 360 degrees of freedom about the
pitch axis. This also means that the star tracker will have to be mounted on
the vehicle such that no part of the vehicle obstructs the line of sight to

the star at any time during the orbit. This does not appear to be a practical
mechanization ¢ither from the design of the star tracker or the mounting

of the tracker on the vehicle, In addition, no existing star trackers have
this capability.

If i+ were desired to use the same star as reference throughout the orbit
with limited field-of-view trackers, several trackers could be mounted about
the vehicle as on the OAO satellite, Switching of control could be made
directly from one tracker to the next., The same orbital ephemeris could

be used if the star tracker readouts were properly synchronized. Present
OAO trackers have a gimbal freedom of +60 degrees, therefore a minimum
of three trackers are required, Although 360 degrees of frecedom is not
required on the star tracker itself, a free composite field of view of 340

degrees is still required on the vehicle.

With a limited field of view, several different stars can be used by one star
tracker to provide pitch control, A pitch gyro would stabilize the vehicle
while the tracker is being moved to another reference star. When switching
to a new star the orbital ephemeris must also be modified. With a gyro

in the loop it can be torqued by the star tracker whenever a star is being
tracked. Thus, it will always be in the proper orientation when necessary
to switch to another star., Also, the con*rol loop is not affected by the

changes in gain due to tracking different magnitude stars.

The star tracker can provide the desired sensing accuracy. The gimbal
readout will have to be capable of reading angles of less than 0,01 degree,
For 360 degrees this is 36, 000 readout increments, thus a digital position
encoder of 16 bits is required, The OAO tracker developed by Bendix uses

a 16 bit optical encoder with a gimbal freedom of 60 degrees in two axes,

4'
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It appears that the most likely configuration involves the use of one star
tracker on Polaris to provide yaw and roll information and additional trackers
tracking a selected star to provide pitch information. Use of a pitch gyro
permits transfer from one star tracker to another without losing control,
During the tracking period the pitch star tracker supplies the necessary
error signals to hold the gyro at the desired reference,

In this configuration, the acquisition sequence would be sun-Polaris-
equatorial star. The sun line would be established using sun sensors as for

the previous case. Then, by rolling about the sun line with the Polaris tracker

field-of-view fixed at an angle established by the ephemeris, Polaris will be
observed. With the sun and Polaris acquired, any of several other stars could

be found using the ephemeris.

The characteristics of complete SCS with a multiple star tracker ARS using

three equatorial star trackers to track one reference star are shown in Table
6. 2.

Table 6-2, SCS Characteristics - Multiple Star Tracker ARS

Components ( Volflme Weight —ower {watts)
cu, 1nches)i (lbs) Peak Average

Polaris Star Tracker 1000 20 20 4
Gimballed . Equatorial Star
Tracker (3) 1800 56 40 .20
Acquisition Sun Sensor 28 3 -- --
3-Axis Gyro Unit 300 10 30 20
Wheel Drive Electronics 140 5 12 4.5
Inertia Wheels 1060 34.2 60 21
Reaction Jet Subsystem 2800 54 20 0.5
Controller 1030 36 60 60
Power Inverter 520 18.6 20 5

TOTAL 86178 236.8 262 135.0

[




ESG/ Polaris Stae Trocker ARS

An ESG system could be used as an alternate tousing multiple star trackers
for pitch a‘ritnda control, In this case, only onc 2quutorial star tracker
could be used for gyro up-date, The sun sensor and Polaris star tracker
woild continue to be recnired and the scequence o acquisition would be the
samc as for the multiple star track v configuraticon, The FSG system, used
to provide pitch information would require updatiin at a frequency of less than

once per three days,

There are several possible concept., tor an ESC aifitud: refercnee system,
The most appropriate one for the A'lS-4 vehicle ~oald deternmiine vehicle
attitude by calculating the direction -osines of the vohivle reference axes from
the ESG and star tracker culputs, Cominands to s sve=iem Yor changeg in
vehicle attitude v ould be the direction cosines of i desived nositions of the

two vehilcele retorence asea,

Although an EESG system would require considerstly more computation than
the horizon scanner sys:ivm, prelimliary analysts indioates that it can
provide the nointing sccuvacs »oquired,  Apadditionu!  arv tracker for pitch
control update would bhe required, The system, thevefore, represeats a
potentially feasible back-up approach i the primary Lorioon scanncy system,

The characteristics i =S wsing an ESG/loler s = o0 cones ARY arve listed

i

in Totide 6.0

Horizon Sensor/Monopul=e/PPolaris star Track: o a3y

)

This configuration is the same as the horizon sensor/P’cluris star tracker
ARS, with the exception that provision is made for an ottitude error signal
from the monopulse @vstem,  This signal would he need Toi piteh and roll con-
trol whonever pointing ot oo ground station, The s ol vh:ui':x(%(w'iﬁlhﬁ are
the =ame aS the hotiron sensor Doluris star trac ke Ats s shown in Table

6-1.
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Table 6-3. SCS Characteristics - ESG [Polaris Star Tracker ARS

. Power (watts)

Components (cz?'lﬁ'?:ges) ‘ngg)ht Peak Average |
Polaris Star Tracker 1000 20 20 4
Equatorial Star Tracker 1200 18 20 20
Acquisition Sun Sensor 28 3 -- --
Electrically Suspended
Gyro Unit 160 14 1 80 20
3-Axis Gyro Unit 300 10 30 20
Wheel Drive Electronics 140 5 12 4.5
Inertia Wheels 1060 34.2 60 21
Reaction Jet Subsystem 2800 54 20 0.5
Controller 975 34 34 34
Power Inverter ' 520 18.6 20 5

TOTAL , 8183 210.8 296 129.0

3-Axis Gyro ARS

If short term reference is required, a system worthy of possible consideration
is a three axis gyro reference system, consisting of three rate integrating
gyros operating in a digital pulse torqued or caged mode. In this configura-
tion, the sum of the pulses represent attitude and the frequency of the pulses
repreéent rate. Since this information already may be required for certain
maneuvers and autopilot damping, a gyro reference system also could be used

for short term attitude reference with frequent updating from external sources,

Updating the gyro reference to remove errors caused by drift could be accom-
plished by.sun sensors and/or star trackers. The period of time between
updating is dependent upon the magnitude of the gyro drift., Drift trim circuitry
with sufficient resolution will have to be provided along with gyros having

low random drifts so they can be used for long periods without updating,

Some method of measuring the drift at the beginning of an update period is
required, so that proper drift trim may be inserted.



Additicial compensation must be provided in the pitch uxis to torque the
pitch gyro at orbital rate, The orbital rate torquing - znal raust be altered
slightly when offset pomiing 1n ro'l is required. During roll otfset pointing,
the yaw gyro will sense a compconent of the orbitul rafte. s component is
equivalent 1o 2,33 /. ot an offset attitude of nine degrecs., because this
component is a function of the magnziude of offsel angle, the compensation to

the yaw gyro must be varied accordingly.

As noted previously, periodic correction ol gyro drift i1s necessary., The
frequency ol correction cepends upon the gyro dritt, [t 1s al-0 obvious that
the sensor used to provide the corivection signals must have an accuracy

much better than ihe required accuracy. The sources for references are a
sun sensor and/or star frackers.” Both of these units can provide the desired
accuracy; however, hiecause of the non-orthogonal relationship of the space
referenced «cordinati s, computation must be provided to determine the proper
correction signals. 'Iwo sensors are 1equired to provide the correction
signals for all three gyros, The orbital ephemeris of these references must

also be provided.

The other alternative is to use the AOSQO type un sensor or gimbals and

readout attitude information from the gimbal positions.
Errors which will contribute to the gyro refercnce systrm eirrors include

1) Ability to match the orbital rate componen!s.
2}  Resolution in trimming non-g sensitive drift,
3) Random drift of gyros during perviods Letween corraection,

4) Errors of reference sensors used for drift correction,
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One advantage of an integrating gyro is that null errors of electronics down-
stream of the gyro will not appear as attitude hang-off errors, when the gyros
are referenced to a long-term stellar reference. The physical characteristics
of this system will be similar to the horizon sensor system.

Some gain in reliability could result by use of gyros -- if the sensors could
be de-energized between updating periods. Due to the required accuracy,
gyros with extremely low drift rates must be obtained to avoid updating by
the sensors frequently., Obtaining rate integrating gyros with a low enough
drift rate is doubtful; thus, the sensors probably must remain energized at

all times -- because frequent switching on and off will reduce the reliability
of the unit,

6.2.2 Candidate Reference Sensors

Sun Sensor

The basic requirement for the sun sensor on ATS-4 is to provide a sun-line
reference for initial acquisition of earth and Polaris. The sun sensor require-
ments for ATS-4 can be accomplished with one having a 41 steradian field

of view, The 4n steradian sun sensor for acquisition provides pitch-yaw

attitude control signals for the spacecraft. The accuracy of this sensor need

only be sufficient to allow acquisition of the sun within the +10 degree field
of view of the fine sun sensor,

Basically the concept involves the use of flat silicon photo-voltaic detectors
and requires no additional optics. The silicon detector is used because of

its high source impedance and its high order of stability with time and
temperature.




The general concept employed in the 41 steradian sensor utilizing the flat
detectors is illustrated in Figures 6-2a, b, and c. Figure 6-2& illus-

trates the arrangement of cells about one sensitive axis (into the page)

where the cell normals are oriented at 90 degrees to one.another for simplicity
of illustration and analysis, The output (VC) of each cell is proportional to

the projected area (A) and the responsivity (R). The projected area and
responsivity in turn are proportional to the solar energy incident angle (¢).
Therefore,

Vc = Kcosz¢ (1)

where the constant (K) includes the normal cell responsivity and area as

well as incident flux,

Selecting the null direction as shown in Figure 6-2a, the cell outputs

are as follows:

VCl = k1 cos2(6 - 45°) for -135°< 0 < 45°¢ (23

. 2 o _ o c
ch = k2 sin" (0 - 45°) for -45°< 0 < 135 (3)
V . = k., sin2(8 + 45°) for 45° < § < 225° (1)

c3 3
2 .

= [ 9 [} \

Vc4 k-i cos (6 + 45°) for 135°< @ < 315 (5)

where 6 is the angle between the sun and the spacecraft null axis. These

functions are illustrated in Figure 6-2b. Assuming

k1=k2=k=k=K (6)
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Figure 6-2c. Sun Sensor Signals
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The outputs can be summed and differenced so that

VCl + VC +V 2 K (Sun Present signal) (7)

2 c3+Vc

4
and

2 (
(Vc + VC ) - (V5 + VCB) = K[Z cos (0 - 4:”')))-1] (crror signal) (8)

1 4 c2
These functions are shown in Figure 6-2c. Automatic gain control

can be incorporated to increase the overall performance,.

The summed output:(Equation 7) is also used to signal sun occult by planets
or planetary satellites. The example used (90 degrees between detector
normals) is a unique configuration when considering AGC in that the sun
remains constant over 41 steradians (assuming the ideal case of infinite AGC
gain) thus making the transfer function only dependent on the differential out-
put. However, other configurations may be used satisfactorily to provide
the desired functional output. Additional optics and electronic signal con-
ditioning may be used to enhance the characteristics and convert the output

to a digital signal if desired.
The fine sensor consists of two cells in each axis which are differentially

summed to obtain the error signal. The physical orientation of the cells

will be arranged to give the required field of view,

Horizon Sensor

A two-axis horizon sensor is required for acquisition of the earth and control
of the vehicle at local vertical during the mission., In addition, it must be

programmable for offset pointing with respect to local vertical.
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There are basically two concepts presently used in earth horizon sensors.
They are:

1) Horizon Scanning - where a sensor instantaneous field of
view is caused to scan via a mechanical-optical modulator
and the center of the earth is detected by bisecting the points
at which "opposite horizons" are crossed.

2) Radiometric Balance Sensing - where two sensor instantaneous
fields of view are aligned to view "opposite horizons' and the
center of the earth is defined when the outputs from these
sensors are equal,

The first approach lends itself to high accuracy.both in earth centered pointing
or offset pointing via gimballing or electrically biasing the system reference.
The second approach, although simpler and more reliable, is less accurate
because of its susceptability to differential drift in critical components, The

first concept is therefore required to achieve the pitch and roll accuracy budgeted
for attitude control on ATS-4.

Performing offset pointing places the foliowing requirements on the sensors,
reference system, and control system:

) The horizon scanner must be capable of providing orientation
sensing in pitch and roll while the spacecraft is pointed to any desired
location on the visible hemisphere., This may be accomplished
either by gimballing the scanning dither in each axis or by
biasing the earth center pulse in the scanner output signal., Gimbal-
ling the scanning dither allows the horizon scanner optical
reference to remain on the earth's center while the antenna is pointed
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to any location on the earth's visible hemisphere.

However, biasing the earth center pulse results in off-
setting the scan plane from thc ecarth center. Although

this configuration is basically more reliable than the gim-
balled approach ., the scanner must retain a visible
portion of the earth disk at all times causing blindspots
approximately one half degree from the horizon in both pitch

and roll, This is shown in the diagram below:

Blindspots

Roll Axis

Pitch Axis

Blindspots in these remote locations may b completely accep-
takle; however, they may be prohibitive in other maneuver

modes.,

A concept which avoids this limitationis a two mirror configuration designed
by ATD. One mirror provides the dither motion which provides the error
signal, The other mirror compensates for large vehicle tilts by displacing
the line of sight so that the scan planc coincides with the center of the

ecarth. Thus, cccuracy is not degraded duc 1o scanning stiall chords on
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the earth while at offset points. It is also possible to point off of the earth's
disc. This may be desirable for earlier interception for low-earth satellites

which are to be tracked, and for large antenna pattern measurement maneuvers,

A breadboard model of this double mirror concept has been built and tested by
ATD. Modification of this design would be required to achieve the desired field

of view and accuracy for synchronous altitude.

The horizon scanner which best meets the ATS-4 requirements is a combination
of the Apollo and MOGO designs with the incorporation of the double positor and
mirror concept. This configuration uses the optics from the MOGO system

and the digital electronics from the Apollo system. However, to protect the
proprietary rights of the Advanced Technology Division (ATD) of American
Standard, a detailed description of these concepts cannot be included in this final

report. References 10 and 11 should be consulted for a technical description

of these concepts.

Star Tracker

The Polaris star tracker is required to provide an accurate yaw reference
for the ATS-4 control system. Although offset poihting does not requir

a yaw maneuver, the star tracker must be provided with a means of maintain-
ing stellar reference during offset maneuvers. Offset pointing about the pitch
axis imposes no restriction on the star tracker; however, offset pointing

in roll would cause loss of Polaris unless a gimballing technique is included,

The star tracker field of view (FOV) requirements are dictated primarily

by the acquisition and offset pointing requirements. Since the acquisition
sequence has been established as sun-earth-Polaris, the line of sight (LOS)

to Polaris will lie normal to the yaw axis within the accuracy of the Horizon
Sensor and the roll component of the angle between Polaris and the earth's
axis, Therefore, the minimum allowable instantaneous field of view on the
star tracker is approximately 2, 0 degrees for acquisition without the use of
gimbals, Gimballing the telescope for offset pointing .via the horizon sensor
would allow some reduction in the instantaneous FOV, Additional require-
ments in the roll FOV are imposed by the vehicle offset pointing requirements,
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The initinl offset pointing requirement is +9 degrees and requires that the

star tracker field of view be equivalent to this angle in the roll axis. This

may be accomplished by extending the star tracker instantaneous FOV or

by gimballing the minimum field of view discussed above. Thus, the minimum
FOV requirements for the star tracker are +1,0 degree in yaw and $10, 0 degrees

in roll,

It is desired that antenna study maneuvers be made which require driving the
vehicle through an angle of 15 degrees in roll and pitch. If star reference is

not to be lost, the roll gimobal capability must exceed 15 degrees.

Since the basic requirement of the Polaris star tracker is for yaw reference,
roll accuracy (and in turn sensitivity) may not be required. However, if
accuracy in roll were provided, the star tracker could be used to calibrate

the horizon sensor., This could be accomplished by providing one specific
calibration point (e, g., roll gimbal zero) or by making the roll accuracy
equivalent to that of the yaw axis throughout the t9 degrees range, in which case
the star tracker could be used as a backup for pointing in roll. The latter
approach is more complex in that an accurate gimbal readout would be required
and in either case the design is complicated by the specific requirement of roll

sensitivity and accuracy.

The star acquisition sequence is initiated from an earth-sun stabilized attitude.
Therefore, with knowledge of the ephemeris, the angle to Polaris and the stars
between the spacecraft and Polaris are known. Thus, star acquisition may be
accomplished by yawing through the proper angle via gyro reference control --
or until the proper stars have been passed through, then the switching yaw
control to the star tracker when Polaris is reached. In either case the star
tracker must sense the magnitude of Polaris which is approximately +2,1, The
nearest bright star to Polaris is Kochab which lies about 12 degrees away in

the constellation of Ursa Minor. Other bright stars lie outside the maximum
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angle of 23.5 degrees from which star acquisition is initiated. It is con-
ceivable therefore that acquisition can be easily accomplished wifh only a
lower limit on the star presence sensor, However, other modes of operation
may require both an upper and lower threshold. Therefore, the requirement
on this parameter is tentatively set at +1,0 degrees magnitude from Polaris.
Thus the basic Polaris Star Tracker requirements are as follows:

e Roll FOV - 115, 0 degrees
e Yaw FOV - 1,0 degree
e Yaw Accuracy - +1,0 arc minute

e  Star Recognition - +2,1 1, 0 magnitude
Other requirements for the Polaris star tracker which may be desirable are:

e The addition of correction for the diurnal angle between
Polaris and the earth's axis

° The addition of a calibrated position in roll which would

give approximately the same accuracy as that required in yaw

The diurnal motion of Polaris about the pole can only be corrected with the
star tracker. This may be accomplished by gimballing the optical axis of the
tracker or by summing a bias with the output to offset the electrical null, In
either case an additional requirement is placed on the tracker design; that

of the gimbal or the increased gain linearity and stability respectively.

At the present time, there appears to be no tracker designed specifically
for tracking Polaris. The OAO tracker is designed to track stars as faint
as +2.5 magnitude. The OAO tracker consists of a telescope supported by
precision pitch and roll gimbals, each having +60 degrees of freedom. The
tracker weighs 14.5 pounds and requires considerable computation to obtain
the attitude error output.
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Another tracker which is more suited to the accuracy and functional requirements
of the ATS-4 vehicle; is the JPL designed tracker used on the Mariner vehicle,
This tracker is presently being modified for the Mariner 69 flight. It will

have an instantaneous field-of-view of 0,85 degrees by 9.5 degrees, The
electronically gimballed field of view in the non sensitive axis is 34 degrees,

This will aliow antenna pattern studies to £17 degrees., The tracker's

accuracy is better than 0,1 degree.

To adapt this tracker for ATS-4 and Polaris tracking would require modifica-
tion of the optics and electronics to increase the sensitivity required for
tracking Polaris. The roll gimballing is performed by voltages applied to

the image dissector tube deflection plates. Scanning to develop the error signal
is also performed by voltage applied to the deflection plates. Correction for

the duirnal motion may be made by introducing a bias voltage to the deflection
plates.

Gyros

Although the gyros probably will be deenergized for the major part of the

of maneuvering and for monitoring functions, An important requirement

is that the gyro have a drift rate less than of 0.1 degree/hr,

The Honcywell GG334 strapdown Gas Bearing Gyro can meet this and other
requirements, This is a high performance, single-degree-of-freedom floated
device designed primarily to meet advanced strapped-down system require-
ments for attitude reference space system applications. This reliable,
precision, inertial-grade gyro offers long life, high-g capability, low-order

stable-drift rates, and high-torquing capability.

mission, they will be used during despin and acquisition, alternate modes l
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Principal features of the GG334 for the ATS-4 application are:

Low power hydrodynamic gas-bearing spin motor with
maximum bearing life and reliability, The gyro has a
start-stop capability of over 10, 000 cycles.

High rate permanent magnet torquer capable of continuous
torquing rates of 15 deg/sec.

Low torquer time constant suitable for pulse rebalance
as well as analog rebalance systems.

Random drift rates of less.than 0. 1°/hr.
Floated gimbal with pivot and jewel output axis bearing,
Microvernier balance pan.

Spin motor running detector,

The gyros will be used in a three-axis reference package which incorporates
the necessary electronics for caging and torquing the gyros and for generating
the rate and attitude information. An example of this package is the DAR
(Digital Attitude Reference) which Honeywell has designed specifically for

application in a broad variety of space missions. The DAR has the following
characteristics:

1)

2)

The DAR provides complete three axis attitude information
with the output in digital format which makes it compatible
with advanced digital control systems.

The DAR is completely self contained, relying only on external
28 vdc power and generating internally all other necessary
voltages and frequencies,
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3) The DAR utilizes passive temperature control via a
variable thermal impedance mechanism. This prov.des
a reduced power requirement for inertial sensor tempera-

ture control.

4) The DAR is mechanized using the latest advances in elec-

tronics circuitry and packaging technology for a minimum

size and weight package.

The sclcected configuration for the reference subsystem is summarized below:

Sun Sensors

To nrovide a full 47 steradian 12 individual sensors are mounted on the vehicle
with a null along the x-axis of the vehicle (plus x-axis for a sunrise injection
into the final synchronous orbit and minus x-axis for a sunset injection, de-
pending on the launch time of year). Eight cells would normally be sufficient;
however, the large antenna causes some obstruction and the additional sensors
are required. The fine sun sensor consists of four cells with a narrow field

of view for accurate pitch and yaw control to the vehicle-sun line during the

acquisition phase.

The most desirable configuration for the horizon sensor appears to be the
ATD concept where the scan plane remains through the center of the earth
as the vehicle is commanded to offset points or even off of the earth disc.

This avoids use of any mechanical gimbal
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Star Tracker

Because of offset pointing and antenna maneuvers, gimballing to keep the
star in the field-of-view is required, Electronic gimballing is desirable
and is used in the JPL Canopus Tracker., Modification of the tracker will
be required to increase its sensitivity and to provide electronic gimballing
in yaw to account for the diurnal motion of Polaris.

Gyros

The gyros are to be used for both rate and/or attitude information. The
gyros selected should be capable of being pulse-torqued in a reference package
such as, the DAR. The digital outputs of the DAR are compatible with the
controller,

6.2.4 Sensor Performance

A summary of the basic parameters of the sensors is detailed below:

Sun Sensors

° Coarse Acquisition - 47 Steradian field-of -view
- Accuracy +3 degrees
e Fine Acquisition - 10 degrees field of view

- Accuracy 0, 25 degrees
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Horizon Sensor
e Field of view - 120 degrees
e Accuracy - 10,067 degrees (on earth disc)
e Output - Digital, 0.0l degree resplution
e Gimbal capability - %15 degree
Star Tracker
e Field of view - t1 degree (sensitive axis)

- 19 degree (non-sensitive axis)
e Accuracy - iOZ 18 degrees

e Gimbal capability - 117 degrees (non-sensitive axis)

Gyro Reference Package

e Drift - 0.1 degree/hr

e Output - Rate and attitude (digital)

4
i
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6.3 DISTURBANCE TORQUES

6.3.1 Meteoroid Impact

Initially, it is worthwhile to distinguish the word meteoroid from meteor
or meteorite., Meteoroids are restricted to particles or debris travelling
in space. Meteors designate the luminous phenomena associated with
meteoroids as they enter the earth!s atmosphere. A meteorite denotes a
meteoroid which has been found on the earth's surface. The scientific in-
vestigation of meteoroids is confined to masses ranging from perhaps
10-13gm to about 100 gms. In size, they vary down to perhaps 1-2u in
diameter. When the dimensions of meteorids reach this limiting order,
the large increase in the ratio of area of particle to its mass results in
the dominance of solar light pressure effect over solar gravitational force,
These tiny particles are driven away from the sun by the radiation pressure,
and little or no data is available concerning them.

Origin and Composition of Meteoroids

Meteoroids are generally classified into two groups which are defined by
their origin; asteroidal or cometary. A third possible existing group,
constituting a very small per cent of the meteoroid distribution, is that of
interstellar debris.,

The asteroidal particles represent less than ten per cent of the total influx

of particles entering the earth's atmosphere. They originate in the asteroidal
belt which astronomers believe to have resulted from the fragmentation of a
planet into smaller bodies, the asteroids. Iron, nickel, and various stony
materials in varying amounts make up the composition of these bodies. The
particle densities are of the order of 3.5 gms/ cms.
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The cometary particles represent some ninety per cent or greater of the
total influx of particles, Their porous nature, low density (0,03 to 0.05
gms/cm3), and frangible characteristics, favor the production of a flaring

meteor. (See Reference 1)

Meteoroid Streams

Nearly 70 percent of all incoming meteors were earlier classified as belong-
ing to streams in some conic path about the sun. These streams are either
narrow with closely packed particles, or very broad in extent with widely
separated particles. Of the total incoming flux, about 30 per cent is assoc-
iated with particular streams, e, g., the Leonids; the remainder is referred
to as sporadic. Present day classification describes all meteoroids as
belonging to streams; however, the streams are classed as periodic or

sporadic, (See Reference 2)

Tables and graphs describing meteoroid flux per square unit per unit time
represent statistical averages over long periods. The meteoroid flux rate
is never constant - even after correction for the observed effects of large-
particle showers. The variation in flux rate is one or two orders of magni-
tude, with periods of low or high flux measurements of a few days duration,.
Certain of these variations are due to known meteor showers, and cause
annual variations. Random variations also exist with periods of a few days,
and can be dealt with only on a statistical basis. Hence, shortlived satellites
or rockets may give meteoroid flux measurements very different from the
average, Therefore, meteoroid interception by impact sensors is dependent
upon both the probability of intercepting a meteoroid stream of known
average density, and the probability of encountering a given flux intensity
during the sampling period.

Meteor data is made up of two components, the sporadic meteors and the

shower meteors belonging essentially to the well-defined short-period

i
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comets and meteor streams. The shower meteors are distinguished by
their common radiants and make up about 20 to 30 percent of the meteors
sighted. The peak activity during these showers may be four to five times
the sporadic meteor rate, but on extremely rare occasions much greater,
For example, a rate increase of 5000 was reported on 9-10 October 1946,
when the Giacobinid-Zinner comet orbit was crossed by Earth, One of
the most spectacular visual displays was that of the Leonids shower in
1833 in which a rate increase estimated to be 20, 000 tiines; the normal rate
was observed,

‘Meteoroid Velocity

Meteoroids encountered by the earth will have velocities relative to the
earth ranging from 11 km/sec to 72 km/sec. This is based on the fact
that for a particle following a parabolic path about the sun the maximum
velocity it could have at the distance of Earth from the sun is approximately
42 kilometers per second. If such a particle meets Earth head on, as it
orbits the sun at a velocity of approximately 30 kilometers per second, a
combined velocity (neglecting Earth's gravitational attraction) or approxi-
mately 72 kilometers per second is obtained, To achieve higher velocities
would require the particles to be following hyperbolic paths and thus be

of interstellar origin. The lower limit occurs when the particles obtain
their velocity relative to Earth by Earth gravitational attraction alone.

For space vehicles encountering these particles the range of relative
velocities could be somewhat greater. This is due to the velocity of the
space vehicle,

The brighter meteors have higher velocities and the fainter meteors are
slower. In reference 4, a total of 2529 photographs of meteors were
evaluated to determine a mean meteoroid velocity of 28 km per second.

It is pointed out, however, that many meteoroids are much slower and that
they enter the earth's atmosphere unobserved. Hence, the mean meteoroid
velocity should be reduced to about 22 km per second on this basis.
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A second argument shown in reference 4 indicates that the determination
of the meteor ionizing efficiency is proportional to its velocity to the fourth
power, This would result in a mean meteoroid velocity calculation of greater

than 30 km per second.

Since the mean velocity is not well defined, a conservative value of 30 km
per second is generally accepted by most authors.

Meteoroid Flux Density

The meteoroid flux density could have a day-to-day variation of several
orders of magnitude due to encountering the orbits of known meteoroid
streams. There may be as many meteoroids striking a spacecraft in one
day due to a meteoroid stream as there are in a whole year due to sporadic
meteoroids, Also, the meteoroids in a particular stream are all travelling
in the same orbit with the same relative velocity. For example, the
Geminid stream has a mean velocity of 36.2 km per second and the Orionid
stream has amean velocity of 67,7 km per second (reference 1). Sporadic
meteoroids, however, are omni-directional, vary in velocity from 11 to

72 km per second, and have a very low flux density.

Numerous attempts have been made to determine an average value of the
meteoroid flux environment in the vicinity of the earth. Due to assumptions
and different methods, these calculations have resulted in flux density
values which are several orders of magnitude apart. Reference 3 cites
several flux equations which result in widely varying densities. Two values
are given (3.4 x 1078 gm/meterz-sec, and 1,96 x 10710 gm/rneterz—sec)
using two different approximations to the density curve shown in Figure 6-3.
Both of these calculations, however, are biased toward the smaller, more

dense particles and highly susceptible to the assumed particle size cut-off

point. It is assumed that particles smaller than a certain magnitude are

all swept away by solar radiation pressure. Additionally, two other quantities
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are given (3,62 x 10_11gm/meter2-sec) and (3.0 x 10_11gm/meter2—sec)
which are biased toward the larger particles'and are somewhat insensitive
to the smaller particles. In this case, the assumed cut-off point on the
large particle end of the scale strongly influences the calculation. Since
the larger particles occur more rarely, a cutoff point of one impact per
square meter per year could be made, which would result in reducing the

-12

flux calculation by more than an order of magnitude (2.5 x 10 gm/meterz-sec).

Since wide disagreement exists in the literature concerning the development

of an averaged flux density equation, another approach is to determine the
momentum of each meteoroid of each size and examine its probability of
occurrence, The control system, then, would be sized to balance the dis-
turbance induced by each meteoroid impact separately, Meteors may be
classed accordingly to their visual magnitude, Magnitudes fainter than +5,
which cannot be observed visually, are detected by radar observations of ion
trails, The data show in Figure 6-3, then corresponds to the mass and
particle frequency versus visual magnitude shown in Table 6-4. Using this
data, the momentum of each meteoroid of each size together with its frequency
of occurrence is used to determine the total control impulse required to balance
the disturbance. All of these calculations assume that all meteoroids impinge
on the surface, and there is a pure momentum transfer to the impacted sur-
face. Modification to this momentum transfer assumption is discussed in the

next section of this report.

In Table 6-4, Column 1 shows the visual meter magnitude as a function of
meteoroid mass (Column 2) assuming an average relative velocity of 30 km
per second. Column 3 shows the accumulated flux density of meteoroid mass,
m, and larger which corresponds to the curves shown in Figure 6-3, (refer-
ence 5), The meteoroid flux density within each visual magnitude is then
shown in Column 4, Using a calculated vehicle surface area of 25,5 square
meters and a two-year mission time, the probability of encountering a

meteoroid of mass, m, is shown in Column 5, The momentum of a meteoroid

of each size, shown in Columns 6 and 7 is multiplied by the probability of
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occurrence to determine the expected impulse exerted against the vehicle
(Column 8), The sum of Column 8 results in a total of 0,947 lb-sec.
Assuming that a meteoroid may strike anywhere on the vehicle, and esti-
mating an average distance of impact from the center of gravity of 12 feet
with a control moment arm of 4 feet, 2,841 lb-sec of control impulse is re-
quired to balance the meteoroid disturbance torque. Since the control system
will be required to compensate for the individual impacts of the larger more
sparse meteoroids, the impulse required to balance a magnitude 5 meteoroid
impacting on the solar panel (18 feet from the c.g.) and traveling at 72 km
per second could be as high as 24 lb-sec. However, the probability of en-
countering a meteoroid of magnitude 5 traveling at 72 km per second is less
than once in 150 years, Further, an impact of this nature would penetrate
several inches of material, causing most of the meteoroid to continue through
the spacecraft resulting in lower momentum exchange and possible damage

to the spacecraft,

10

For comparison, 0,947 lb-sec of total impulse converts to 9.41 x 107 gm/
2 . :
meter” -sec average flux density as follows:
5 2
sec 0.9471bft-sec 1 4. 448 necwtons 1x 10 dynes ft
30 x 105cm 63 x lObsec / 25, 51’1‘!‘ lbf newton \0.0929 m

This compares favorably to the mean of the previously stated average flux

density calculations, Since this results in a pressure force of 5.89 x 10-10
lbs/ft2 it may be concluded that meteoroid impact provides a disturbance
torque which is a factor of 170 below solar radiation pressure (1 x 10_7 1b/ft2).
It is restated, however, that this assumes a one to one momentum exchange

from the meteoroid to the spacecraft,

Momentum Amplification

Several theoretical calculations have been proposed concerning a momentum

amplification duc to hypervelocity meteoroid impact,  Since a meteoroid can
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displace or expell more material mass from a surface than its own,

several authors (reference 3) have advanced the theory of momentum ampli-
fication ranging from a factor of 2 to a factor of as high as 36, A factor

of 2 is conceivable for the smaller particles which may strike a surface and
“bounce Hack" at nearly the same velocity. Larger or faster meteoroids,
however, will cause craters resulting in expelling material (ejecta) from

the surface. This phenomenon gives rise to the momentum amplification
theory. Still other particles will completely penetrate the surface and con-
tinue through the spacecraft carrying some material with it; this could result
in a slightly less than one momentum exchange factor.

The material erosion on satellites necessary to substantiate a high momentum
amplification factor has not been observed., Therefore, it is assumed that
through the spectrum of meteoroids, there could be momentum amplifi-
cation factors ranging from slightly less than one to possibly greater than

2 or 3. Using an average momentum amplification factor of 2, the impulse
becomes 1,894 lb/sec which converts to 1.882 x 10-9 gm/meterzsec, or
1,178 x 10-9 lbf/ftz, which is a factor of 85 below solar radiation pressure.
Although the study of the meteoroid environment is not sufficient to permit
the formation of an accurate meteoroid disturbance model, the above cal-
culations indicate that the average meteoroid disturbance torque is nearly
two orders of magnitude below that of solar radiation pressure. Except

for high flux densities during possible meteoroid streams or in the improb-
able event that a large, high velocity meteoroid is encountered, the dis-
turbance torque due to meteoroid impact may be neglected.
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6.3.2 Gravity Gradient

The effect of gravity gradient torques for the ATS-4 configuration will be
small because of the synchronous altitude and the near local vertical orien-

tation, Expressions used to evaluate the gravity gradient torques are:

2

TX = -4wo (IY - IZ)cb (roll axis)
T, = -3w 2 (I, - I,)8 (pitch axis)

Y 0 X Z
T, = -w 2 (I, - I,) ¢ (yaw axis)

Z o Y X

where
TX’ TY’ TZ = Torques (ft lbs)
- o L . 2

IX’ IY’ IZ = Principal axis inertias (slug-ft™)
W = Orbital rate (radians per sec)
® = Roll angle (radians)
0 = Pitch angle (radians)

= Yaw angle (radians)

These equivalent torque expressions include the dynamic phenomena associated
with the rotating (local vertical) coordinate frame and the tendency of a
rotating, freely-suspended bedy to rotate about its maximum axis of inertia.
These equations were used in determining impulse requirements for the

reaction jet system, The torque at offset points of 0.1 radians are as follows:

-6,2

(72.9 x 10™5)2 (1226 - 167)(0. 1) = 93.7 x 10~ ° roll

(72.9x 10°62 (2150 - 1677) (0.1) = 77.5 x 10" ° pitch

These torques are a factor of 200 less than peak solar radiation torques and a

factor of 40 less than the average roll solar radiation torque.
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6.3. 3" Magnetic Disturbance

The torques due to the magnetic moment of the vehicle interacting with

the earth's magnetic field are small compared to the solar radiation
torques. Assuming that the ATS-4 spacecraft has a magnetic moment equal
to 4000 dyne-cm per gauss(AOSO requirements), the torque in a field

of 200 gamma (synchronous altitude) is 60 x 10”8 ft. Ib. This is small
compared to the solar radiation pressure torque,

6.3.4 Internal Rotating Equipment

Momentary torque disturbances will occur due to starting and stopping of

tape recorders, gyros etc. The momentum contributed by these sources will
be stored by the reaction wheels.

6.3.5 Solar Pressure

Theory

Interplanetary radiation originates primarily from our own solar system.
Galactic radiation, compared to solar radiation contributes little to the

total radiation pressure exerted on a unit area of a spacecraft.

Solar radiation is further divided into electromagnetic radiation and particle

radiation. Electromagnetic radiation consists of quanta called photons which

propagate in wave forms having wavelengths in the continuous spectrum. Photons

have zero rest mass, no electrical charge, and no magnetic moment, but they
do posses energy resulting in a force producing a pressure termed "Light



d
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Pressure.' Particle radiation, however, consists of electrons, protons,
neutrons, alpha and beta particle plasma and many other sub particles. These
particles, which have a rest mass, are expelled from the sun at velocities

of from 400 to 1500 km per second. This particle radiation which sweeps

throughout interplanetary space is termed "Solar Wind",

Electromagnetic Radiation -- The intensity of electromagnetic radiation is

inversely proportional to the square of the distance to the sun. About 99 per .
cent of this solar energy is concentrated in the narrow range from 3000 to

4000 Angstroms (Reference 6), with the remaining 1 per cent distributed in

electromagnetic radiation is received outside the earth's atmosphere on a
unit surface normal to the incident radiation and at a distance of one astronomical
unit from the sun is called the solar constant, This quantity which produces

"light pressure" is virtually unchanged with high solar activity. The solar
constant has the value of

1396 watts/meter2

being accurate to +1 per cent due to gradual long term variations and instru-
ment measurement error. Dividing the solar constant by the speed of light

and converting the units produces the quantity of solar light pressure exerted
on a unit area.

(1394 watts\\ hp \{550 ft—lb—sec_l\ 1074 meterz\ 2.54% cm?| (144 inz\
o :\ meter® | \746 watts)\ o | em? [\ in® £

8 ft
9.83514 x 10~ sec

the ultraviolet, infrared and radio frequencies. The rate at which solar '

é

P = 0.970814 x 10” " 1b/ft2
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Partical Radiation -- The solar atmosphere is composed primarily of ionized
particles that flow continuously outward from the sun. This flow which
represents an expansion of the solar corona is called the "Solar Wind". The
corona is composed primarily of hydrogen; hence, the solar wind consists
primarily of highly ionized hydrogen particles (electrons ' and protons).

Since the mass of the proton is 1837 times the mass of the electron, the energy
of the solar wind can be determined from the particle energy of the proton

alone, which is about one Kev during quiet sun periods. The mass of a proton
(Reference 7) is given as:

M = 1.67x 10 %%gm

During quiet sun periods, the solar wind particles at one astronomical unit
are traveling at a velocity of about 400 kilometers per second with a density
of about 10 particles per cubic centimeter (Referehce§).

P = MN V2 cos 0
where
M = particle mass
N = particle density
V = particle velocity
6 = particle incident angle

A surface exposed 90° to the solar wind will have a zero incident angle, In
this case,

M N V2

P

2
P = (1.67x10 %% gm) (io?) 4x 10" -92)

sec
cm
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p - 267.2x10 10 8&m
cm-sec
Converting the units,
{ - \ o
_ -10. gm \ dynes \ 11 x 10 5 newton' |/ lbf 29, 03 em
P = {267.2 x 10 7 | e dyne ©-1,448222 newt 2
cm-sec / g__z_l | yn ;e new on“ £1>
sec
_ -11 _1b - _—
P =5.581x10 D) (Quiet Sun Particle pressure)
ft

During active sun periods, however, the solar pressure duc to particle
radiation is greatly magnified. Solar flares cause a rapid expansion of the

ccrona producing an increase in the velocity and density of the solar plasma.

Solar flares vary in magnitude and brightness and are classified according

to their area (per cent of solar disk involved). Observations have shown that
the frequency and duration of solar flares vary as a function of their class
(Reference 8)., Small flares (class 1) occur every few hours and have durations

of about 10 to 40 minutes.

Conversely, the large flares (class 3 and class 3+) occur more rarely but have
longer durations. As many as six or seven class 3+ flares with mean durations
of about three hours may be expected in one year during the active portion of

the eleven year solar cycle.

As a result of a class 3+ flare, the solar plasma velocity may increase to
about 1500 kilometers per second with particle density increasing to as high
as 100 particles per cubic centimeters (References 6 and 9). During this

brief period, the solar particle radiation pressure increases as follows:
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P = MNV?
2

P = 1.67x 10 %% gm) 20|15 x 107 L

em sec
P = 31575,0x 10 10 —&m

cm-sec
Converting the units
-9 1b;
P = 7,848 x 10 ° — (Particle radiation pressure during a
ft class 3+ flare)

Conclusion

Based upon the foregoing analysis, the particle radiation pressure, even
during a large flare, is several orders of magnitude less than the electro-

magnetic radiation pressure. Therefore, particle radiation pressure may be
neglected.

In developing the solar pressure disturbance torque model, a constant pres-

sure of 1 x 10 -7 Ib /ft may be used for a surface normal to the sun-line with
no variation due to solar activity,

This analysis has been directed only toward determining the magnitude of
the solar radiation pressure and as such, particle radiation is insignificant,
However, particle radiation may impose severe material degradation
particularily during high solar flare activity. Radiation damage to materials

has not been considered in this analysis,



J
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6. 3.6 Disturbance Torquc Model

An analysis of the ATS-4 vehicle configuration indicates that the only signi-
ficant external disturbance torque is due to solar radiation pressure.
Meteoroid impact and gravity gradient disturbance torques are both several
orders of magnitude below solar pressure, although the rare occurrence of
a relatively large meteoroid could result in an individual impact disturbance
torque sufficiently large to require control system correction. Therefore,
this disturbance torque model considers solar radiation pressure only.
The magnitude of the solar pressure coefficient is approximately 1 x 10_7
1bf/ft2. This quantity is derived from the solar constant (photon radiation)
which does not vary with high solar flare activity. Solar flares produce an
increase in the solar wind (particle radiation) resulting in a force which is
two to four orders of magnitude below photon radiation. This coefficient is
the force exerted on one square foot of totally absorbing surface in a plane
perpendicular to the sun-line,

Antenna Projected Surface Area --The antenna consists of a petal structure

covered with a wire mesh., The mesh is made of one mil wire with 80 thousandths
spacing, A segment of this wire mesh which is in a plane perpendicular to

the sun-line results in a 20, 8 per cent shaded surface area or 79. 2 per cent
open area. As the solar incident angle decreases, the per cent of projected
surface area in each mesh segment increases. One hundred percent surface
area per mesh segment is achieved between 86° and 90° solar incident angle,

This is shown in Figure §-4,

Since the antenna is not a flat surface, the amount of open area in each mesh
segment varies over the paraboloidal surface, To determine the effective
projected surface area of the paraboloidal antenna over a 24-hour period, a

series of representative cross-sectional segments of the antenna were examined

l
1
'
|
é
|
'
|
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Solar Incident Angle, @

Figure 6-4. Percent Open Area in Each Mesh Segment
As a Function of Solar Incident Angle
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at several points in the orbit, When the solarincident angle is zero (sun-
line perpendicular to the plane of the antenna, xy plane) the antenna

presents a symmetrical surface to the sun line, and the disturbance torque

is zero in all three axes. However, as the vehicle pitches through 360° and
the sun-line changes from an equinox to a solstice orientation, a continuously
varying projected surface results. A series of five cross-sectional slices

of the antenna mesh and petal structure were examined to form a repre-
sentative definition of the projected area and center-of-pressure. Along the
projection of each cross-sectional slice, a total of 14 station locations

were selected for analysis. By geometrically determining the solar angle

of incidence at each of the 14 stations on each of the five cross-sectional
slices, a projected surface density map was generated. This process is
illustrated in Figure 6-5, At each intersecting point on the pro-

jected surface, a ratio of shaded to total area was determined as a function
of vehicle orientation, With this information, the total projected area was
summed and a weighted center of pressure was determined by the mean of
the integrated area under each curve. The projected area is graphically
illustrated in Figure 6-6, The disturbance torque in each axis is
determined from the projected area and center-of-pressure moment arms of
each of the three major vehicle parts; panels, antenna, and spacecraft module,
This analysis considers the amount of sunlight passing through the antenna
onto the module, Similarily, the module shading against the antenna in the
opposing orientation is considered. The calculated moment arms in each
axis, for both an equinox and a solstice condition and for a full 360° vehicle

orientation, are shown in Table 6-5,

In this analysis, it is assumed that the solar radiation striking each surface
is perfectly absorbed., If a perfectly reflecting body is assumed, photons
striking a flat surface at a zero incident angle would produce a momentum
amplification factor of 2. For cylinderical surfaces (such as wire mesh)

and a zero incident angle, a momentum amplification factor of 1.27 would
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result. However, the solar panels, which are the only flat surfaces of any
significance, may be considered absorbing bodies. Further, a zero
incident angle en the cylindrical wire in the antenna mesh is seldom

encountered. An indicdnt angle relative to the normal to the axis of a

W ‘9-

"nf- ‘inei ent angles from “0 to 90 are present durmg

f-peak torque periﬁé_&"'thg amaze incﬁent angle is greater than 36° , and

i T R <RI % R R

a reflectmg borfy mementﬁm amphfication factor of less than one may be

one, Smc e aﬁ}s

on that’ the antenna is a perfectly

_'conside'r“éd: s

The re:ultmg solar prgssure disturbance torques in each of the three axes
is shown in Fxgures B-7to 6-11, Figure 6-7 shows the pitch torque for both

an equinox d a_selstwe condition due to- all three spacecra.ft parts. In

i Ye AL ﬁi.g,

'iant'torque orn the "'antenna and ‘module durmg an

yever, at all other solar positions an offset sine wave
reb‘ -8. 'I'I-xe roll tox‘quef’due to the fixed solar .
pane]s is shown in Flgure 6-9. A composite torque model for the roll axis
including the antenna, module, and panels for the equinox and both solstice
conditions is shown in Figure 6-10. The yaw torque, shown in Figure 6-11,
1s due to the fixed solar panels alone. This is the same as the roll torque

due to the panels but displaced 90 degrees.
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6.4 TORQUER SUBSYSTEM

6.4.1 Control Torquer Requirements

The requirements on the control torquers took into account the disturbance
torque models shown in subsection 6, 3. (Preliminary control impulse cal-
culations for alternate vehicle configurations are presented in Appendices

6A and 6B.) The reaction jet subsystem is designed to provide:

a) Tumbling arrest
b) Acquisition (15 times)
c) Unload wheels (as result of average disturbance torque)

d) Holding attitude during station keeping

The inertia wheels are sized to store the cyclic disturbance torque and maneu-
ver the satellite to offset points, Antenna experiment maneuvers also will be
conducted by the wheels; however, they were not a prime requirement in

the sizing of the wheels. Rather, the antenna maneuvers will be configured

to the wheel capability.

The satellite parameters which influence sizing of the control torquers are

listed below.

Tumble Rates (Initial)

Roll 1°/ sec 17.4 x 10'3 rad/sec
Pitch 0. 5°/sec 8.7 x 10'3 rad/sec
Yaw 1°/sec 17.4 x 10_3 rad/sec

Search Rates during Acquisition
3
3

Roll 0. 2°/sec 3.49 x 10~
Pitch 0. 2°/sec 3.49 x 10~
Yaw 0. 2°/sec 3.49 x 10'3 rad/sec (sun acquisition)

0. 05°/sec  0.87 x 10_3 rad/sec (star acquisition)

rad/sec (earth acquisition)

rad/sec (sun and earth acquisition)
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Field of View (minimums for acquisition)

Fine Sun Sensor +10° +0. 175 rad
Horizon Sensor +10° +0. 175 rad
Star Tracker + 1° +0. 0175 rad

Vehicle Inertia

Roll 2150 slug ft2
Pitch 1226 slug £t
Yaw 1677 slug f'c2

Jet Moment Arm (all axes) 2.5 ft

+ Auxiliary Propulsion System

AV engines - 1 1bf (NS engine on y axis, EW engines

CG variance 0.6 inch

Total AV impulse 15, 000 1b sec

Thrust Levels

Several considerations must be satisfied in selecting the thrust levels. These
are as follows.

1) The thrust must be large enough to balance the misalignment torques
resulting from the firing of the APS engines.

2) The thrust must be large enough to acquire the references within
the field of view of the sensors with the required search rates.

The search rates are dictated by the time allowed for acquisition
of the references.

3) The thrust should be small enough to allow the wheels to maintain
control of attitude during the unloading periods. The wheel torque
may be increased but at the expense of increased peak power consump-
tion and some increase in wheel weight.
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The selected jet thrust provides a torque of 0.075 ft lbs. (The maximum mis-
alignment torque due to the firing of AV engines is 0. 05 ft 1bs.) Phase plane
plots show that this is adequate torque to allow acquisition of the star and
earth in the field of view of the sensor. This jet torque is slightly above the
stall torque of the wheel at zero velocity; however, with the wheel at unload
speed the reverse torque of the wheel will be greater than the jet torque, so
that the wheels can maintain control of the vehicle attitude. Unloading of the

wheels will be stopped before the wheel torque is less than the jet torque.

The roll and pitch jet thrust is 0. 03 pounds and the yaw jet thrust is 0. 015
pounds. The yaw jets are fired in couples whereas roll and pitch are single
jets. The results of preliminary studies to determine jet size for alternate

ATS5-4 configurations are given in Appendix 6B,

Total Impulse

The momentum or impulse capability of the reaction jet system is detailed
below:

1. Arrest Tumbling

Roll 2150 x 17.4 x 10”3 = 38 ft Ib sec
Pitch 1226 x 8.7 x 103 = 11 ft 1b sec
Yaw 1677 x 17.4 x 10°3 =

2. Acquisition

Acquisition of the sun from any random orientation requires rotation
about the pitch and yaw axis at 0.2°/sec. This will be done simul-
taneously. Acquisition of the earth requires rotation about the roll
axis at 0.2°/sec and most likely will require some pitch rate when
earth presence is detected. Acquisition of the star requires a rota-
tion about the yaw axis at 0. 05 degrees per second. The number

of acquisitions is assumed to be 15. The gas requirements for

l \
29 ft 1b sec '
[
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acquisition were determined from phase plane plots assuming that the
gas system was supplying the entire impulse for acquisition. Since
the wheels will be operating in parallel with the reaction jets, the gas
required is less than that shown.

Roll 15 x 49.3 = 740 ft 1b sec
Pitch . 15 x 27.6 = 414 ft 1b sec
Yaw 15x 34.7 = 520 ft 1b sec

Disturbance Torque

The momentum required to unload the wheels due to the steady state
components of disturbance torque is set by solar radiation pressure,
gravity gradient at offset pointing and magnetic moments. The latter
two are insignificant compared to solar radiation torque, but have
been included in the required gas storage. The analysis of wheel
momentum requirements show a steady build up in momentum of

the roll and yaw wheels. This momentum must be removed by the
reaction jet system. Half of this momentum will be removed by the
roll jets and half will be removed by the yaw jets.

The momentum to be removed by the yaw and roll jets is:

4.3x 1072 £t b x 63. 1 x 10° sec = 2710 ft 1b sec
therefore,

Roll = 1355 ft 1b sec

Yaw = 1355 ft 1b sec

The steady state component of the pitch torque due to solar radition
was assumed to be 5 percent of the peak value. The momentum to
be removed by the pitch jets is:

4

(0.05) (1.5 x 10™% £t 1bs) (63. 1 x 10% seconds) = 474 ft 1b sec
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The momentum due to gravity gradient was found by assuming a 0. 1

radian offset in pitch and roll for a total of one year. The values are:

Roll 30 ft 1b sec
Pitch 24 ft 1b sec

A magnetic moment of 4000 dyne cm/gauss was assumed for the vehicle
(this is the value used for AOSO). In a 200 gamma field this results
in a total of 38 ft b sec per axis for the two year period.

4. Misalignment torques due to AV engine

A total impulse of 15, 000 1b sec is assumed for AV corrections. It is
assumed that one-half of this total impulse is in each of the engines.
Firing of the EW engine can cause torques about the y and z axis

and the NS engine can cause torques about the x and z axis. The

momentum required is:
Roll (1/2) (15, 000) (0.6/12) (1)

Pitch (1/2) (15,000) (0.6/12) (1)
Yaw (1) (15, 000) (0.6/12) (1)

375 ft 1b sec
375 ft 1b sec
750 ft 1b sec

The total requirements are summarized in the following table.

It is noted that the indicated APS impulse of 15,000 1b sec is based on

early study results. The latest requirement for the recommended

this increased requirement, again using the conservative approach of
combining the maximum 3 - 0 APS impulse value with the 3 - ¢ align-
ment error for the APS engine, an additional 5. 9 lbs of propellant
(including a 50% contingency margin) would be required for the recom-
mended hydrazine torquer subsystem. In addition, since similar pro-
pulsion approaches are proposed for the APS and SCS, it is recommended
that provision be made to divert some of the APS propellant for the use
of the SCS should the latter experience extreme impulse requirements.
(The North-South station keeping or East - West station repositioning

capabilities of the APS would be thereby reduced.)

ATS-4/APS system is 29,600 lb sec. To resize the SCS jet system for l
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Momentum

(ft 1b sec)
Mode Roll Pitch Yaw
1. Arrest Tumbling 38 11 29
2. Acquisition 740 414 520
3. Disturbance Torque (Solar) 1355 474 1355

(Gravity and Magnetic) 68 52
4. Attitude Hold 375 375 750
Totals 2576 1326 2654
The total impulse required is:
2576 + 1326 + 2654 _ 6556 _ 2625 1b sec

2.9 2.5

Assuming a 50 percent contingency due to uncertainties in distur-
bance torques and leakage the required storage in the reaction

system is 3950 lb sec.
Jet on time during the unloading of the wheels is:

12. 7 seconds

Roll 0. 95 ft 1b sec 0. 075

10 seconds

Pitch 0.75 ft lb sec 0. 075

Yaw 0. 95 ft 1b sec 0.075 = 12.7 seconds

During acquisition the jetson time may be on as long as:

Roll 181 seconds
Pitch 97 seconds
Yaw 120 seconds

For despin from the separation rates to the desired search rates
the time could be:




Roll 1°/sec = 500 seconds

0. 002°/ sec?

(0.5 + 0.2)°/sec

5 =200 seconds
0. 0035°/sec

Pitch

Yaw (1 +0.2)°/sec = 467 seconds

0.00257°/sec2




6-59

6. 4. 2 Candidate Reaction Jet Types

Cold Gas

Cold gas systems are quickly eliminated from consideration due to low I
(60 seconds) and high system weight. The nitrogen tanks and plumbing for a
cold gas system would be about 1. 27 times as heavy as the fuel contained
within.

Ion Engines

Electric or ion propulsion can provide very high specific impulse (ISp = 500
to 4000 seconds) with correspondingly low system weight. However, the
thrust levels attainable are on the order of 10 to 100 u pounds; this is well
below the ATS-4 thrust requirements.

Hypergolic Bipropellants

The hypergolic bipropellant thrusters can develop a high ISp of 250 seconds
in short pulses. However, the minimum thrust level of this type is greater
than 0. 3 pounds, and due to the dual valve and fuel line requirement, low
reliability can be expected.

Ammonia Resisto-Jet

There are several types of decomposed ammonia resisto-jets available. The
majority of the work being done in the development of resisto-jets is concen-
trated in three locations; AVCO, GE, and TRW. AVCO is developing an
electrically heated, power-on-demand, decomposed ammonia resisto-jet in
the millipound thrust class. The power scale factor is 8000 watts/lbf with a
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thermal time constand of one second. This development and test program is
being performed under contract to GSFC for a 57 pound feed system. No
flight experience exists, however. The GE system is also an electrically
heated, power-on-demand, decomposed ammonia system in the millipound
class. However, lower power is required by virtue of a lower power scale
factor of 1400 watts/lbf and a longer thermal time constant. Due to the low
thrust capability of both the AVCO and the GE resisto-jet systems, their
application to ATS-4 could only be possible if the thrusters were placed on
long moment arms on the edge of the antenna. This would result in two major
problems: 1) The fuel lines from the tank to the thrusters would have to in-
clude flexible joints to permit antenna deployment, thus, reducing system
reliability; and 2) Placing the thrusters at a great distance from the inertia
wheels and sensors would require the flexible body dynamics to be included
in the inner loop of the control system, creating a stability and compensation
complexity problem. Therefore, the AVCO and GE resisto-jet systems are

removed from further consideration.

TRW has done a considerable amount of work in continuously heated resisto-
jets with higher thrust levels and lower power consumption. In this design,
the fuel is heated to 1500° continuously, by drawing about 5 watts per valve
for a thrust level of 0.03 pounds. This resisto-jet design would therefore
require about 40 watts heater power continuously plus valve actuation power
for the ATS-4 mission. Alternatively, a radio-isotope heat source could be
used if the half life of the radio-isotope could be sufficiently long to prevent

a large thermal range in the 2-year period, and if AEC approval could be
obtained.

TRW has developed and flown two electrically heated nitrogen resisto-jets
on the VELA-3 program. The jets were continuously heated to 1000°F and
developed . 042 pound. Advanced VELA will be flown in early 1967 with two
. 02 pound thrusters using electrically heated nitrogen to 1300°F. TRW has
also delivered an electrically heated decomposed ammonia resisto-jet to

Wright Field and a radio-isotope heated decomposed ammonia resisto-jet to
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Edwards AFB. These thrusters delivered 0. 1 pound thrust and were used
for test purposes only. The ISp for decomposed ammonia heated to 1500°F
or greater is in excess of 250 seconds.

From this investigation, it appears that the TRW electro-thermal decomposed
ammonia resisto-jet could be considered for the ATS-4 application. Further
trade-offs are recommended, however, to determine relative cost, development
status, and reliabiiity of the resisto-jet compared to other feasible approaches.

Hydrazine Mono-propellant

Recent advances in hydrazine mono-propellant thrusters using the Shell 405
catalyst make it a candidate for the ATS-4 application. Steady state ISp is as
high as 230 seconds while the reliability is much better than competitive bi-
propellants. For a thrust size of . 03 pound and jet on-times of 10 - 12 sec-
onds, th_e Isp of a hydrazine mono-propellant system is from 150 to 170
seconds. Although the fuel weight for hydrazine is therefore somewhat
higher than for the TRW resisto-jet (Isp = 250 seconds), electrical power

is required for valve actuation only.

Each of the redundant hydrazine jet systems consist of two 0. 03 pound jets
in each of the three principle axes. The yaw jets, however, have split noz-
zles providing two 0. 015 pound thrust outputs from one valve for a matched
pair. In this manner, all valves are of the same design (0. 03 pound thrust)
for a total of 12 jets (6 primary and 6 standby redundant).

The thrust output of the hydrazine thruster is a function of catalyst bed
temperature. The bed temperature increases from its initially cold state

to 90 percent of its operating efficiency after about 0. 5 seconds of thrusting.
For the remainder of the 10 - 12 second thrust on time (wheel unload ) maxi-
mum thrust output efficiency is obtained. The thrust output efficiency of a
hydrazine thruster, designed for 0. 03 pound thrust is shown in Figure 6-12.
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Figure 6-12. Hydrazine Thruster Output Efficiency

Hydrazine mono-propellant thrusters have been advanced by several reac-

tion jet companies since the development of the Shell 405 spontaneous cata-
lyst. The most significant hydrazine development appears to have been effected
by Rocket Research Corporation, Seattle, Washington and Hamilton Standard,
Windsor Locks, Connecticut. Rocket Research has developed and delivered

a flightworthy hydrazine plenum system using the Shell 405 catalyst to General
Dynamics. They also have a contract to develop and deliver a similar 0. 5
pound blow-down system to the Naval Research Laboratory. This system is

to be flown in May, 1967. In addition, they have demonstrated the reliability

of hydrazine systems by pulsing a 0. 05 pound jet 30, 000 times for an accu-
mulated 50, 000 seconds of thrusting time.
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Through significant company investment, Hamilton Standard has developed
and tested flight weight hydrazine thrusters from 0.014 lbs to 0.4 1b. En-
durance tests were performed by actuating the system with 125, 000 pulses

at sea level pressure and at a simulated 120, 000 foot altitude, with a varying
duty cycle of from 0.3 to 80 per cent.

From the standpoint of power, reliability, development status and fuel
similarity with the APS, a hydrazine mono-propellant System is selected
for attitude control. The vendor selection for this system can be made
only after an evaluation of a firm proposal based upon firm system require-

ments. (See Appendix 6B for preliminary jet type considerations. )

The system weight for hydrazine mono-propellant thrusters assuming
standby redundancy in valves and nozzles, fuel feed from either or both
of two tanks, and hydrazine ISp of 150 seconds is obtained as follows:

Fuel 26 lbs
Tanks and Plumbing 20 lbs
Valves and Nozzles 8 lbs

Total Weight 54 lbs

A schematic of the reaction jet subsystem is shown in Figure 6-13. A blow-
down hydrazine system is represented, since it appears most attractive

from weight and reliability considerations.

6.4.3 Inertia Wheel Subsystem

When inertia wheels are selected as the control moment devices for attitude
control of a space vehicle it is generally done for two reasons. One, if

the mission life of the spacecraft is long(such as the two year life required
for the ATS-4)it is frequently possible to reduce the system weight from
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that required for a mass expulsion system. Two, if precise attitude control
is required (such as the £ 0. 1 degree specified for the ATA-4 system) it is

necessary to provide the control torque with a finer resolution than is
practical with a mass expulsion system,

In the case of the ATS-4 spacecraft the inertia wheels are selected for

both of the above reasons; however, the attitude accuracy requirements make

it necessary that inertia wheels be considered whether or not their application
results in a saving in system weight. (See Appendix 6C for results of preliminary
wheel studies for alternate spacecraft configurations. )

In reviewing the operating modes for ATS-4 it appears that inertia wheels
may be used to advantage in the following modes.

e  Attitude hold
e Tracking maneuvers
e Offset pointing maneuvers

e Antenna experiment maneuvers

In the attitude hold mode, the attitude control system must maintain the
vehicle in a selected orientation relative to the local vertical, orbit plane
reference with an accuracy of +0.1 degrees. Since the spacecraft will be
subject to disturbances resulting from solar radiation and other causes,
some control action will be required to hold to the desired attitude accuracy.
If mass expulsion reaction jets were used to generate the control torque,

it would be necessary to have a deadband of the order of +0. 01 degrees.
Experience indicates that such a small deadband results in excessive jet
operation and fuel consumption because of noise. The use of reaction wheels
to generate the control moment will eliminate not only the excessive fuel
consumption but also the undesirable limit cycle oscillations between

the limits of the deadband. This is a result of the continuous control

moment available from the inertia wheel as contrasted with the one dis-

crete level available from the reaction jets. "
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The tracking maneuver consists of keeping the vehicle yaw axis pointed

at a satellite in a 90 minute orbit as it passes below the ATS-4 spacecraft,
It is desired to track with an accuracy of +0.5 degree. Since the tracking
line of sight will have a sinusoidal angular acceleration the attitude control
system must have the capability of producing a smooth angular acceleration
of the vehicle in roll and pitch in order to track with suitable accuracy.
The torque produced by inertia wheels is continuous within their range and
would be compatible with this requirement,

The offset pointing maneuver requires that the vehicle axis be pointed at

any point on the earth's disk with an accuracy of £0.1 degree., Since the
inertia wheels are required to obtain suitable accuracy during attitude hold
and tracking maneuvers, a relatively small increase in the wheel size makes
them suitable for performing the offset maneuver. The end result is saving of
jet fuel that otherwise would be consumed.

The inertia wheels were resized based upon the disturbance torque model
generated for the preferred configuration¥ The curves showing the disturbance
torques are shown in subsection 6.3. The curves were broken down into

their various components to simplify the analysis., The following values

(b ft.) were used:

Roll (antenna and feed) 4 x10™° + 4x 1072 cos 2wt
Roll (solar paddles) 4.3 x 10-5 cos wot + 4.3 x 10—5 cos 3wot
-5 -5
Yaw -4,3 x10  sin wot + 4,3x10 sin BWOT
. -5 . -5 .
Pitch 15,9 x10 sin wot + 5,9 x 10 sin 3wot

During holding at lor:al vertical, the vehicle rates and accelerations are
held at zero so the external disturbance torques can be equated directed to the
wheel torques, Since roll and yaw are coupled by the orbital rate, W they

must be examined together. The equations are:

*Initial wheel design data are presented in Appendices C and D.




The resulting solution for H, and H (ft..1b sec), the roll and yaw moment j, is:
are:

{]

H

. -5 . .
. 0.514 sin wot +(4.3x 10 )t cos wot + 0,368 s‘m 2 wot + 0,148 sin 3wot

HZ

0.55 + 0,514 cos wot - (4.3 x 10-5)1: sin wot + 0. 184 cos 2wot - 0,148 cos

3w0t

The -0.55 ft. 1b sec on the yaw wheel is due to the steady state value of the
roll disturbance torque. The sinusoids (orbital, double and triple orbital
frequency) are the cyclic values which are to be stored by the wheels. The
remaining term, (4.3 x 10—5)t cos w t, shows a steady increase in momentum
which must be removed by the jets.

The pitch wheel momentum is found by equating:

H = Asinw t+Bsin3w t(A=159X 10 °
y o o

5

, B=5.9X10 ")

The cyclic component which the pitch wheel must store is:

Hy = 2,18 cos wot - 0,27 cos 3wot

The peak to peak values of momentum over one period is the + to- momentum which
must be stored in the wheels¥* In addition the transients due to maneuvers and

the offset momentum should be stored in the wheels to avoid use of the reaction
Jets. The build up per orbit which must be removed by the roll and yaw

reaction jets is 3,7 ft. 1b sec. This can be removed four times per orbit, twice

in yaw and twice in roll,

*  This statement and the previous expression for wheel storage momentum
(Hy) are based upon the approach of unloading wheel momenta at relatively
high wheel speeds twice per orbit to remove momentum buildup effects.




The momentum excursion characteristics (between + and - unload points) for

the wheels are tabulated below, together with the actual storage requirements:

] ft. 1b sec
Item Roll | Pitch Yaw
o - w—— - - e mm——— - ste s e . w E— . o . - -
Cyclic (peak to peak) 1.72 © 4.90 1. 08
Offset -- -- 1.10
Maneuver 1.90 1. 08 --
Unload Increment 1.90 1.50 1.90
Contingency 0.48  0.52 1 0.52
6. 0% 8. 0% ;4. 6% |
Required Storage 3.0 | 4.0 2.3
(one side)
S TRV SR | |

* Between unload points at the + and - momentum storage maximums

In accordance with the wheel design procedure described in Appendix C, the wheel
moments of inertia are established so that the required momentum storage can be
achieved at a wheel speed (unload level) of 1000 RPM. The associated roll,

pitch and yaw inertias (I) are 0.0286, 0.0382, and 0. 0220 slug—ftz, respectively.

The estimated reaction wheel weights (W) are then calculated by an emperical
formula given in reference 12:

W (lbs) = 6.3 +1701 (slug—ftz)

The estimated wheel weights are thereby determined as:

Roll 11.3; Pitch 12.9; Yaw 10.0; Total 34.2 pounds

The desired wheel torque is 10 ounce inches for each wheel. This is larger than
required for maneuvering; however, there is no weight change due to motor

size under 10 ounce inches. The 19 ounce inch (0, 052 ft-1b) torque is obtained at
zcro wheel speed. Thus, when the jets are used to unload the wheels, the

'heel deceleration torque will exceed the jet torque and allow the wheels to

maintain control of the vehicle.
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6.4.4 Selected Torquer Configuration

The selected configuration is a combination of wheels and jet systerri. Appendix
6D presents the results of preliminary wheel/jet trade-off studies which support
this decision. Because of its proven design status, an ac wheel similar to that
built by the Bendix Corporation for OAO, OGO and Nimbus is considered. The

reaction jet system chosen is a hydrazine mono-propellant system.

The weight of a torquing system using only gas was investigated. It was assumed
that a minimum bit impulse can be achieved by use of the proper pulse logic.

It also was assumed that the disturbance torques will be large enough so that

the vehicle doesn't limit cycle between the deadband limits. No attempt is

made to assess the effect of noise on the narrow deadband in erroneous

firing of the jets. The momentum to maintain attitude in presence of the

disturbance torques for two years ig:

Roll (cyclic) 2510 ft. 1b sec
Pitch (cyclic) 7150
Yaw (cyclic) 1576
Roll (average) 2520
AV misalignment 1500
Acquisition 1752
Maneuvers 300

TOTAL 17, 308 ft. 1b sec

With a 50 per cent contingency the total impulse is 25,962 ft. 1b sec (10, 400
Ib sec). This results in a gas system weight of 120 pounds. The wheels and
jet system as configured for ATS-4 weighs 111, 8 pounds, including the

inverter and wheel drive electronics.
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There is a small weight advantage for a wheels/gas torquer system over an
all-gas system. This weight advantage could be improved further if dc
brushless motors were used for in the inertia wheels. The ac wheel was
chosen because of its development and flight status. Also, the 50 per cent
gas contingency should be enlarged for the all-gas system to account for the

increased gas consumption caused by the noise with a narrow deadband.

Using a reaction wheel to store the momentum due to cyclic distur-
bances and maneuvers, the number of jet actuations is greatly reduced. Thus,
presently designed valves can meet the life and the reliability requirements for
a wheel/gas torquer subsystem whereas they would be questionable for an all-

gas torquer subsystem with its excessive number of required valve actuations.

These considerations, added to the primary one of the improved point-
ing accuracy of which it is capable, led to the choice of a combined wheels/

gas torquer subsystem for the ATS-4.




|
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6.5 COMPUTATION AND‘DATA HANDLING

6.5.1 On-Board Computation

On-board computation are required to generate the following commands and/or

bias signals:

e Figure 8 bias for horizon sensor
e Diurnal star motion for yaw gimbal control

e Components of orbital rate in body coordinates
for torquing the gyros

e Drift compensation signals for gyros

e Error correction signals for horizon sensor

6.5.2 Up-Data Commands

The commands required by the SCS are shown in Table 6-6. _

6. 5,3 Down-Data Monitor

The signals to be telemetered to the ground for monitoring purposes are
shown in Table 6-17.



Table 6-6,
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SCS Command Requirements

Function

Objective

I Type of Command l

Rcemarks

N

42,
44,
43,

Spacucraft oricntation
Spacecraft oricntation
Spacucraft oricntation
Spacccraft orivntation

Spuceeraft orientation

Spacece. aft orientation
Spaccecraft orientation
Spacecraft orientation
Spacceraft orientution
Mode control

Alode control

Mode control

Mode control
Spaceeraft mancuver
Spaccecraft manvuver
Spacceraft mancuver
Spacceraft mancuver
Excitation

Excitation

Excitation

Excitation

Redundant switching
Redundant switching
Redundant switching
Redundant switching
Redundant switching
Redundant switching
Redundant switching
Redundant switching
Redundant switching
Redundant switching
Ruodundant switching
Redundant switching
Redundant switching
Redundant switching
Redundant switching
Redundant switching
Redundant switching
Roedundant switching
Redundant switehing
Redundant switching

Compensate gyro drift
Compensate gyro drift

Compensate gyro drift

Acquire sun

Acquire earth

Pos. direction of Polaris search
Set S, T. roll gimbal position

Sct S. T, yaw gimbal position

Neg., direction of Polaris search
Sct time of Polaris search

Pitch offset command (HS)

Roll offset command (HS)
Hiorizon sensor control
Monopulse control

Gyro control

Jets only

Positive roll rate command
Negative roll ratec command
Positive pitch rate command
Negative pitch rate command
Gyro power off

Gyro power on

Horizon sensor power off
Horizon sensor pov.er on

Switch standby star tracker Scc, No. 1
Switch standby star tracker Sec. No, 2
Switch standby horizon sensor

Switch standby sun sensors

Switch standby roll wheel drive elect.
Switch standby pitch wheel drive elect.
Switch standby yaw whecl drive elect,
Switch standby inverter wheel drive ¢lect,
Switch standby roll jet valves
Switch standby pitch jet valves
Switch standby yaw jet valves
Switch standby controller Sec. No,
No.
No.
No.
No.
No.
No.
No.
No.

Switch standby controller Sec,
Switch standby controller Sec,
Switch standby controller Sec.
Switch standby controller Sec,
Switch standby controller Sec,
Switch standby controller Sec,

Switch standby controller Sec.

@ e N O W e W N =

Switch standby controller Sec.
Drift trim roll gyro

Drift trim pitch gyro

Drift trim yaw gyro

Pulse
Pulse
Pulse
Series of pulses

Series of pulsus

Pulse
Series of pulses
12 bits
12 bits
Pulsc
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
Pulse
8 bits
8 bits
8 bits

Despin is also accomplished
Roll rate ic commanded

Number of pulsus determanc
gimbal position

Number of pulscs determine
gimbal position

Antenna mancuvers, station Keeping

Station keeping
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6.6 SYSTEM OPERATIONAL DESCRIPTION

6.6.1 Control Mode Operation

Ascent and Injection

After Centaur has reoriented the spacecraft to the inertial attitude required
for apogee thrusting, the vehicle is spun at about one ‘rpm and the Centaur
stage is separated. At this time, spin-up jets on the payload are fired to
increase the spin rate to 60 rpm. This spin rate exists during the 15,75
hour coast and through injectidn at the second apogee., After injection, the
spacecraft is yo-yo despun, the spent injection engine is jettisoned, the
antenna petals are deployed, and the sun acquisition sequence begins. Pre-
liminary spin rate and control calculation are shown in Appendix 6E.

During the ascent phase, from Centaur separation through synchronous in-
jection, disturbances due to spin-up misalignments, gravity gradient, solar
pressure, and injection engine misalignments will exist. These disturbances
will produce coning and precession of the momentum vector requiring active
coning and nutation control,

To spin-up the spacecraft to 60 rpm about its body z-axis, two solid fuel
spin-up jets mounted on five foot momentum arms will be used. A total
of 377 lIb-sec total impulse is required, which can be obtained from two

10 1b engines thrusting for 19 seconds. Using an Isp of 200 seconds, the
two jets including fuel and nozzles will weigh 3. 8 1lbs.

During spin-up thrusting, 30 jet misalignments of 0,25 degree will produce
a 0.4 ft- -1b disturbing torque., This will result in a coning half-angle of 0, 2
degree,

At Centaur burnout, which is perigee of the transfer orbit, either a sunrise
or a sunset condition will exist. Depending on the time of year, a 20 to 30




minute occult will occur. This occult will occur once if the transfer orbit
perigee occurs at a sunrise condition; but will occur twice if the transfer

orbit perigee occurs at a sunset condition,

Body attitude reference will be determined in a manner similar to that used
by Hughes for the Early Bird satellite, A sun sensor will be mounted on the
body and aligned prior to launch to the body-to-sunline angle desired at apogee
injection and throughout the transfer ellipse. As the vehicle rotates, the sun
sensor will prescribe a cone in space., With each rotation, the cone will
intersect the sunline providing one axis reference; however, since the sun
may be anywhere on the sun sensor cone, a means of determining the other
axis orientation is required. This is accomplished by telemetry polarization
information received at the controlling ground station. Body attitude infor-
mation is then determined on the ground, and attitude commands are sent to
the spacecraft via a data link. By this means, body axis orientation relative
to the desired inertial orientation is known, allowing spin precession
control* During occulted phases, however, there is a loss of solar reference
for 20 to 30 minutes.

The resulting drift in yaw during this phase, is within the limits of solar

reacquisition,

During the coast phase, the primary disturbance forces resulting in vehicle
coning and spin axis precession are gravity gradient, aerodynamic (near
perigee), and jet thrust misalignments. Solar pressure torques are con-
sidered negligible in this phase of the mission, being on the order of 1 x 10‘7
S lbf/ftz at 100 nautical

lbf/ft2 whereas aerodynamic pressure is about 1 x 10
miles, decreasing to 1 x 10_7 lbf/ft2 at about 300 nautical miles. Gravity

* Coning and nutation control is provided by the lateral rate damping
loop subsequently described.




gradient torques are a function of vehicle attitude and inertia configuration,
The peak gravity gradient torque imposed on the vehicle occurs when the
vehicle spin axis is 45 degrees from local vertical on either side of the
perigee crossing. The torque is given as follows:

_ 3 2 - :
T 5 (wo) (Iy Iz) sin 26
T = (1.5)(1.5x 10'3)2 (1140 - 303) (sin 90 degrees)

(1.5) (2.25 x 10™% (837) (1)

2.8 x 1072 £t. 1bs

Also, in the vicinity of the perigee crossing, the aerodynamic torque could
be as high as 0.5 x 10_3 ft. 1bs based on a 10-foot diameter cylinder and an

estimated 0.5 foot center-of-pressure moment arm from the c. g.

These gravity gradient and aerodynamic external torques will produce spin-
axis precession and also body coning. A rigid rotating body with spin velocity a)
about either a maximum or a minimum axis of 1nert1a, will maintain its
orientation in inertial space in the absence of external moments or forces.

If the total angular momentum vector HS initially coincides with the spin

axis, and then an impulse angular momentum HT\ is added normal to the

spin axis, the body spin axis will assume a new inertial position (precess)

and then nutate about the new total angular momentum vector, at a frequency
wgl S/ IT. Also, a cone angle will exist whose half-cone amplitude is given as

o - ITw
Igvg
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where
. . 2
IT = Inertia, transverse axis (1140 slugs-ft~)
IS = Inertia, spin axis (303 slugs-ftz)
Wg = body spin rate, 60 rpm
H
wn = imposed rate about normal axis = IJ-
T
HT] = Imposed normal angular momentum

If it were conservatively assumed that gravity gradient torque produced
-3
a2.8x10

total spin axis precession would not exceed one degree,.

foot-1b disturbance throughout the 16 hour coast period, the

-3
~ (2.8 x10 ") (3600) (16) ..
8 = ~(303) (60) (26) = 1 degree

To balance this torque, a control impulse at a five foot moment arm is

-3
Impulse = (2.8 x 105 ) (3600) (16) _ 32 lb-sec

During synchronous injection thrusting, the thrust misalignment angle will
be 0,25 degrees acting at a five foot moment arm at the nozzle throat of the
9000 1b engine. This results in a body oriented torque,

Torque = (9000) (0,004) (5) = 180 ft-lbs

This will result in a half cone angle of 0,05 degree at a spin rate of 60 rpm.

Therefore, the use of 60 rpm spin rate results in a stable configuration

with a minimum of control impulse needed to preserve the inertial orientation




6-79

after Centaur separation (control spin axis orientation during vehicle spin-up
and damp out any coning or spin axis precession due to imposed disturbance

torques). The total impulse for a single jet control system is summarized

as follows:

Centaur separation rate (1, 8°/sec pitch) 35 lb-sec
Centaur separation rates (0. 4°/sec yaw) 8 lb-sec
Spin-up jet misalignment 5 lb-sec
Disturbance torques during coast phase 34 lb-sec
Synchronous injection thrust misalignments 1 lb-sec

Impulse subtotal 83 lb-sec

Assumed 100 per cent contingency 83 lb-sec

Total impulse 166 lb-sec

Using a cold gas reaction jet system with an I  of 60 seconds, results in
s

a gas weight of 2.8 lbs for a total jet system wgight of 6.3 lbs (assuming a

tank and plumbing factor of 125). This could be accomplished with a 0,5

lb engine at a moment arm of five feet with 100 ms pulses.

After injection, the vehicle is despun by yo-yo's, consisting of two masses
on the ends of two wires. Despin can be accomplished with 2. 6 pounds of
weight and wrapping the wires twice around the vehicle. The wire tension
will be 126 pounds. Despin is initiated by firing a pyrotechnic squib on

command. After despin, the yo-yo's are released by self-releasing latches.



The ascent and injection control system will employ the gyro reference unit
and a portion of the SCS controller for control electronics and jet drive logic.
The remainder of the system will be housed in the injection engine adaptor
and will be jettisoned with the injection engine. The weight for that portion

of the system which will not remain with the operational spacecraft is as

follows:
Spin-upjets . ... oo oo 3. 8 pounds
Controljets .. ... ... .o 6.3
SUN SENSOL &+« v ¢« v v v v o v o v o o o 1.5
Despinyo-yo's . ... ... ..... 2.6
Cabling and connectors. . ... .. 1.0

Total Weight 15. 2 pounds

Rate Arrest and Acquisition

This section describes a sequence of maneuvers to establish acquisition of
the space reference coordinates. The maneuver sequence considered is sun-

earth-polaris. This sequence of maneuvers is described as follows:
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o The IRP senses angular rates around the spacecraft x, y,
and z axes and develops proportional signals, This signal is
then used to command the reaction jet thrust in the proper direction

and arrest the spacecraft motion.

° The sun sensor torques the IRP to drive the vehicle at the proper
rate toward the sun. The x axis is oriented toward the sun at
the completion of this maneuver. ‘

e At a pre-determined time of day, the vehicle is rolled about
the x axis (sunline) allowing the earth to be acquired by the
horizon sensor, Having acquired the earth, pitch and roll
control is transferred to the horizon sensor leaving yaw con-
trol on the gyro.

Based on the ephermeris data, a yaw maneuver is commanded
through the IRP by torquing the yaw gyro at a fixed rate for a
specified period of time. This maneuver will cause Polaris
to be directly in the field of view of the Polaris star tracker
(PST), and yaw control will be transferred from the yaw gyro
to the PST, |

Attitude Maneuvers

The attitude maneuvers required of the SCS include:

e Offset pointing

® Satellite tracking

® Antenna pattern study
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Offset Pointing -- The ATS-4 satellite will be required to point its antenna

toward selected earth-based locations on the visible hemisphere for extended

periods of time,

Offset point can be accomplished by commanding the required offset angles
through the horizon sensor, or by torquing the gyros. Since the gyros will
be de-energized for the major part of the mission, the usual mode will be
the horizon sensor, While at an offset point, the monopulse can supply the
error signals to control pitch and roll, The yaw axis will continue to be
controlled by the star tracker., If it is expected to remain at the offset

point for an extended period, the horizon sensor may be deenergized.
Maneuvering to an offset point will be made at a commanded rate of 1 degree per
minute, The wheels have sufficient momentum storage to perform this

maneuver,

Satellite Tracking -- Satellite tracking is a special case of offset pointing,

however it has several added system requirements. The antenna must be
pointed to the edge of the earth disc (up to 9. 0 degrees in pitch and roll)

where it is to acquire a close-earth orbiting satellite, Pitch and roll con-

trol is then switched from the horizon scanner to the antenna. The vehicle
then is commanded to track the satellite across the fuil earth disc (17 degrees)

via signals from the antenna. This maneuver will be made using wheels,
to follow smoothly, The maximum acceleleration required to follow the
satellite is 14,8 x 10—6 degrees/sec2 which is well within the wheel capability

even near unload speed.

Antenna Pattern Maneuvers -- The antenna pattern maneuver is performed to

measure the antenna pattern over various angular displacements for the different
transmission frequencies., The maneuver consists of a rotation first in one
direction to the desired positive angle, then a rotation in the opposite direction

to the desired negative angle, and then back to zero,
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Two of the pattern maneuvers require rotation of +15 degrees at 1 dégree/
minute and t+5 degrees at 4 degrees/minute. These maneuvers are to be made
using the inertia wheels. The wheels have been sized to allow maneuvers of

1 degree/minute in addition to the storing of the cyclic momentum. The 4
degrees/minute maneuver can also be made on the wheels without activating
the jets; however, this will require monitoring wheel speed before making

the maneuver. The direction of the maneuver can then be chosen to reduce

the wheel momentum, and, thus, avoid firing of the jets.

In a pulse torque rebalance gyro system each pulse is an increment of
attitude; so, gyro pulse history will be recorded to provide the attitude of
the vehicle. The attitude-rate trajectory for the 5 degree maneuver is

shown in the following sketch:

Rate
. 4° / Min. .
1 / 2
' 4
i |
- Yo N
K 1. 6° b ]. 8° i1, 6° be Altitude
h i
t3
-5° +5°
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At to the command is initiated, The vehicle is accelerated until tl, when
the desired rate is achieved. A constant rate is maintained until ty
when the vehicle is decelerated. Application of torque continues until at
t3 the reverse rate is achieved. Because of the acceleration periods, the
time to complete the above maneuver for the roll axis is 7.4 minutes.

Gyro drift for 0.1 degree/hr gyro will be less than 0, 0123 degrees for
this period.

The time for the +15 degree maneuver is 60, 6 minutes. Gyro drift during
this time is slightly over 0.1 degree.

The pitch axis maneuvers will require slightly less time because the pitch

inertia is lower, resulting in a higher acceleration capability.

Station Keeping Mode

East-west stationkeeping  must be performed at regular intervals to maintain

the longitudinal location of the satellite., North-south stationkeeping must

be performed to control the inclination error., East-west stationkeeping is

performed by use of an engine on the x axis; North-south stationkeeping is

performed by use of an engine on the y axis. Vehicle center of gravity mis-

alignment with the thrust axis creates a torque on the vehicle, The SCS
must control attitude in presence of these disturbance torques.
are estimated to be 0. 05 pounds.

The reaction jet system will be used in this mode to maintain attitude.

The acquisition logic with deadbands of 0.1 to 0.2 degrees will be used for
controlling attitude from the horizon sensor and the star tracker. Afttitude
excursions as large as 0.5 degree are expected during stationkeeping;
however, this will not significantly affect the thrust axis impulse,

These torques

4'
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6.6.2 System Block Diagram

Ascent Control System

The block diagram for the ascent control mode is shown in Figure 6-14.
The logic for the ascent mode will be contained in the SCS controller, During
launch and injection only that part of the controller will be energized,

The required rate information will be obtained from the gyro reference unit
which is part of the SCS.

The telemetered data provides the error signal to control the pitch attitude
of the vehicle, and the sun sensor provides the control signal for the yaw
attitude,

Operational Spacecraft Control System

The SCS Block Diagram is shown in Figure 6-15. A short description
of the blocks on the diagram is given below,

The command data input is the link by which commands are introduced into the
attitude control system to select modes and offset points.

The autputs of the X-Band monopulse provide the roll and pitch error signals
to hold attitude at an offset point. This would also be the input channel if
the vehicle were tracking a cooperative satellite,

The Polaris star tracker provides the yaw error information, and also a star
presence signal which indicates that a star of the proper magnitude is

in the field of view. The roll gimbal drive electronic resets the field of view
to keep the star in view, when commanding antenna maneuvers or holding at
offset points. The yaw gimbal drive resets the yaw axis null to account for
the apparent diurnal motion of Polaris.
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Figure 6-14. Block Diagram - Ascent Control
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The horizon scanner provides a pitch and roll error signal to stabilize the
vehicle at local vertical or at the offset points. A sun presence signal is
generated whenever the sun is in the horizon sensor field-of-view. The pitch

and roll offset commands are provided for pointing off of the local vertical,

The sun sensors provide the error signals to drive the vehicle x axis toward

the sun for the first step of the acquisition sequence,

The gyro reference unit provides the pitch, roll and yaw attitude and rate
signals in form of pulses. Each pulse is an increment of attitude, and the
pulse frequency is a measure of the body rate. The pitch, roll and yaw
commands are those required to torque the gyros to establish the various
maneuver rates, to compensate for gyro drift, or to compensate for various
components of orbital rate,.

The SCS contains the necessary logic, compensations and computations to accept
signals from the sensors and drive the torquers accordingly. The unit stores
the compensation or calibration signals needed for the gyros, horizon scanner,
and star tracker., The SCS also contains logic needed for the ascent mode.

All of the switching of redundant units is accomplished within this unit,

The drive electronics contains those power electronics needed for running
the wheels., The unload electronics takes the wheel tachometer signal

and fires the reaction jet whenever the wheel momentum unload level is exceeded.
The unload electronics also serve as a jet driver for the other modes where

the wheels are not used.

The jets and the wheels are the torque producers and are used depending

upon the mode of control as commanded by the controller,
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6.6.3 Sensor Update

Because of the accuracy required for the ATS-4 mission, calibration of the
sensors may be required to achieve the accuracy, or may be desirable to

check the performance of the sensor. These sensors include the following:

e Gyro
Py Horizon Sensor

° Star Tracker

All of these sensors can be monitored while the control system is being driven
by the monopulse system at an offset point. The time history of the gyro drift,
horizon sensor and star tracker outputs can be obtained, It is proposed to
store the values obtained in the computer memory. Then, when ever the
signals from these sensors are used, the computer will not only process the

command, but will incorporate the proper correction signal in the computation.



6.7 SYSTEM PERFORMANCE

6. 7.1 Pointing Accuracy

An allocation of errors for the various error sources was made. The error
budgets are tabulated in Table 6-8 for roll and pitch and in Table 6-9 for the

yaw axis. An analysis was made to allocate the error among the possible
sources within the sensors; offset pointing using either the horizon scanner or
the monopulse error signals is considered.

Error sources which may need some explanation are discussed below. The
errors associated with the electronics are considered to be noise, null offsets
and drifts, The alignment error is the misalignment of the optical axis with
“the mounting surfaces of the unit. The temperature allocation is the effect

of temperature variation on both the electronics and the mechanical align-
ment, The long term variation due to degradation over the life of the unit

is listed under life,

It is assumed that commands to go to offset points will be digital; thus,
the number of bits in the command will determine how close the vehicle can
be pointed to a particular point. Ten bits (including a sign bit) are sufficient

to provide this command resolution.

The error contributed by the wheel drive amplifier is a null offset. The
unload error is that required to command a wheel torque to balance the jet

torque while unloading.

The yaw coupled error is an error resulting in one axis with an offset angle
in the other axis, It is a function of the magnitude of the offset angle and
the yaw error, For pointing at the center of the earth this error is zero

in the roll and pitch axes, A yaw error of 0.2 degrees was allowed, since
there appears to be no difficulty in achieving this accuracy with present

state-of -the-art equipment,
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Table 6-8. Roll-Pitch Pointing Error (Degrees)
(Maximum 3-0"Value)

Antenna Monopulse

Brror Contributor | sounah | M0uied * | Moraes -

Horizon Scanner

Electronics 0.03 0.03 --

Alignment 0.04 0.04 --

Temperature 0.03 0.06 --

Life 0.03 0.03 --
Horizon Definition 0.01 0.01 --
Command Resolution 0.01 0.01 --
Computer 0.01 0.01 0. 01
Wheel Drive Electronics 0.03 0.03 0.03
Unload Error 0.04 0. 04 0. 04
Yaw Coupled Error 0,03 0.03 --
Antenna Signal -- -- 0. 003
Other 0.02 0.1 --
RSS Value (three sigma) 0.0916 0.144 0. 052
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Table 6-9. Yaw Pointing Error

(Maximum 3-2~ Value)

Error Contributor Error - Degrees

Star Tracker

Electronics 0.1

Alignment 0. 05

Temperature 0.1
. Life 0.1
Computer 0. 02
Resolution (gimbal) 0.02
Wheel Drive Electronics 0.05
Unload Error 0.05
Other 0. 04
RSS Value (three sigma) 0.2

A1l of the errors are assumed to be Gaussian and the 3- ¢ value is given.
Some of the errors could be predicted or measured; thus, they could be
eliminated from the total pointing error by modifying the point offset
commands. It is noted that when the antenna monopulse error signals
are used to control offset nointing, many error sources are eliminated.
The increased value for the '"other' error source in arriving at the off-
set pont for the chosen ground station is caused by command angle

inaccurac.es not included in the other pointing modes.

The error budget also assumes that the yaw gimbal (for follow .ng diurnal

motion of Polaris) is repositioned as a function of the pitch offset angle.
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6.7.2 Acquisition

Phase plane plots were constructed showing acquisition of the references from
the specified search rates. A lead-lag compensation of -I(S)%ﬁl-l— was used.
Deadbands of +0, 1 degrees were used for pitch and roll, A deadband of +0, 2
degrees was used for yaw, It was also assumed that the acquisition maneuver
was performed using jets only. With the wheels operéting in parallel,
acquisition can be accomplished in a shorter time and with less gas. The

phase plane plots are shown in Figures 6-16, 6-17, 6-18, and 6-19,

6. 7.3 Control System Dynamics

Wheel Control

The control system for pointing and maneuvering the vehicle is shown simply

in the following block diagram:

o Sensor p—Pt Compensation —Pp Iv?,izt;f —» Vehicle (—e—
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The sensor in the pitch and roll axis is the horizon sensor and in the yaw

axis is the star tracker. The compensation is a lead-lag network to provide

the required phase lead.

Open loop Bode plots were made for the three axes to establish the com-
pensation required. The gain was set at 120 ft Ib/rad. This value of gain
allows the SCS to maintain the attitude error within the accuracy require-
ments while unloading the wheels with the jets, The Bode plots are shown
in Figures 6-20, 6-21, and 6-22, The transfer function used for the

sensor is_o—f'i:—l' The transfer functions for the inertia wheels are:

58 S
Roll  Zgs+ 1
. 77S
Piteh T T

, 55 S
Yaw 558 + 1

The transfer functions of the compensation networks are shown on the

graphs. The open loop Bode plots show that adequate phase and gain margins exist

for the rigicd body.

To assess the effects of the flexible antenna and solar paddle structure on the pitch
and roll loops, a simple model was constructed for computer simulation. * The
model consists of the antenna and paddle inertia coupled through a spring (KS) and
viscous (Fm) restraint to the module which houses the SCS. The block diagram
of this model is shown in Figure 6-23. The transfer function of the overall

body is given by:

*These loops would be most affected by dynamic structural coupling
effects, since the associated structural mode [requencies are lower.
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K
8 s*+f-s + 18
M _ a a
Tc 22, "l F Ml K
IMmS7(S™ + I x-S + 73 X 7
M a M a
To evaluate the transfer function, 1. is considered to equal 2¢ w, and TL
a

equal wnz. The first bending mode frequency is considéred to be Wy and the
damping is considered to be ¢.

The complete transfer function was derived and used in a digital computer

program to generate the closed loop frequency response, i, e., e/ec (j w).

The rigid body responses for the roll and pitch axes are shown in Figures
6-24, 6-25, 6-26, and 6-27, The responses with the flexible effects

are shown in Figures 6-28, 6-29, 6-30, and 6-31 using a damping
ratio of 0.01. Figures 6-32, 6-33, 6-34, and 6-35 show the response
with a damping ratio of 0,005,

The natural frequency of the roll and pitch axes is 0.46 radians/sec and 0,67
radians/sec respectively., In comparing the rigid versus the flexible responses
there is little difference in the response below four radians/second. Likewise,
there is an insignificant difference in control system response for the different
structural damping in the fr.'equency range of concern. The high frequency reson-
ance effects are not critical stability wise.

There is more than three octaves separation between the control system
frequency and the first structural mode, With this degree of separation,

no control problems are anticipated. Should structural frequencies become

lower, the gain of the pitch and roll axes could be decreased, With a lower
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gain the attitude error during unloading of the wheels would exceed the
accuracy requirements. However, unloading will ordinarily occur four
times per day for about 12 seconds for each unload period. Exceeding
the attitude accuracy for these short intervals should not be objectionable,
Also additional or more optimum compensation can be used to reduce the
amount of coupling,

The yaw axis was not simulated since there are no maneuvering require-
ments for yaw, Further, the gain can be reduced in yaw considerably without

affecting the system performance, and the structural mode frequencies
are higher.

Jet Control

During the station-keeping mode, the firing of the AV engine can cause
misalignment torques of 0,05 ft, lbs. To counteract this torque the reaction
jets will be thrusting, With a control torque of 0,075 ft. lbs the torque versus
time on the vehicle could look as follows:

*—ton —ty———— tOff —_—le— ton —
0.025 ftlb ~--
0
TIME —%
0.05ftlb -~ ——m——————~- e
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If the ton + tOff equals some multiple of the period of the bending mode, a

possibility of exciting the structure exists, It is not likely that t .. will

settle to a constant value due to the number of variables in the cgrflirol
system and the value of the disturbance torque itself, To protect against
this possibility the time between consecutive pulses could be monitored by the
computer. If twoconsecutive times were the same, the logic could commanda
momentary pulse duringthe off time, This wouldperturb the limit cycle and
change the overall periodlength. Once this happens a series of pulses would
occur before the system would settle down to a constant period. At this

time, another perturbing pulse could be commanded.

A phase plane plot is shown in Figure 6-36, of attitude during a AV
maneuver with a misalignment of 0.05 ft. lbs, In this example, five on
times were required before the system settled down to a sequence of equal
pulses. The time involved is approximately 16 minutes. With the longest AV
thrusting time of 48 minutes, only several perturbing pulses need be

applied.

6.7.4 Reliability

The reliability goal for the SCS is 0.9. A reliability block diagram is shown

in Figure 6-37, incorporating the required redundancy to meet this goal.

To meet the overall systerﬁ reliability requirements, the star tracker is
divided into two parts, power supply and signal electronics. Standby redun-
dancy is provided for each section. The quoted failure rate is 0. 649 per
cent per 1000 hours. The tracker is divided into sections with failure rates

of 0,337 and 0.312, The resultant reliability for a two-year period is 0,997,
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Since the horizon scanner is not required to operate at all times, it can be
de-energized. The total operating time is considered to be 1/2 of the total
mission. The non-redundant reliability for one year is quoted as . 91478 so

standby redundancy is employed, resulting in . 9928 for the horizon scanner.

The Acquisition Sun Sensors are simple photo cells with required electronics
to complete the interface with the SCS controller. The sensors and electron-
ics are switched as a block to the standby redundant sensors and electronics
to provide a reliability of . 9975 for a two-year period. A failure rate of

. 4 percent per 1000 hours was used for the sensors and electronics. The
sensors are considered to be in use for the entire mission. The sensors are
photo voltaic devices which require no power, consequently, cannot be de-
energized. Also reverting automatically to sun oriented control in event of

a malfunction is desirable and is the first step in the reacquisition sequence.

The gyros will be de-energized for most of the two-year period. An operating
time of 500 hours was assumed. With a failure rate of 1. 96 percent per 1000
hours, the reliability is . 9934. Thus, redundancy was not provided for the

gyros.

The lnertia Wheels are not redundant. They are ac powered similar to wheels
developed for the NIMBUS, ADVENT, OAO and OGO satellites. These wheels
have passed accelerated life tests to meet a three-year life requirement. A

reliability of . 999 is quoted for a wheel with a resultant of . 997 for the three
wheels.

The wheel drive electronics consists of the power transistors necessary to
drive the wheels. Also included in this block for purposes of standby redun-
dancy is the wheel unload electronics. A failure rate of . 4 percent per 1000
hours is used for each axis. Providing standby redundancy in each axis
results in a reliability of . 9925.
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Since the jets are being used primarily to unload the wheels, the firing time
will be relatively long (compared to limit cycle control). With wheels as the
prime meaas of control, the number of jet actuations will be much less. To

achieve a reliability of . 9796, standby redundant jet valves are provided.

The SCS Controller is broken up into nine sections with standby redundancy
provided for each section. With a failure rate of . 6 percent per 100 hours
for each section the reliability is . 9515 for two years.

The inverter is a solid state unit providing 400 cps power for driving the
inertia wheels. Interlocks will be provided to prohibit more than one wheel
from being unloaded at a time and overloading the inverter. A redundant
standby inverter is required to achieve the reliability of . 9975. The failure
rate used for an inverter is . 4 percent per 1000 hours.

A total system reliability of . 902 is achieved with the above configuration.

No attempt has been made at this time to determine reliability based on use
of alternate modes. The horizon scanner can be considered a backup to the
monopulse signal and the gyros for going to and holding an offset point. Other
alternate modes such as wheels backing up the reaction jets or vice versa
may also be deserving of consideration.

A tabulation of the reliability for each component is summarized in Table 6-10.
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Table 6-10., System Reliability

System Component (ljfu[r?fig T?rgzr(i%z%s) Reliability

Polaris Star Trucker 2 (1 Stby) 17, 520 . 997

2-Axis Horizon 2 (1 Stby) 8, 760 . 9928

Scanner (giraballed)

Acquisition Sun 2 (1 Stby) 17, 520 . 9975

Sensors

3-Axis Gyro Package 1 500 . 9934

[nertia Wheels 3 17, 520 . 997

Wheel Drive Electronics 6 (3 Stby) 17, 520 . 9925

Reaction Jet Subsystem 1 (Jets Stby) 17, 520 . 9796

SCs Controiicr 2 (1 Stby) 17, 520 . 9515

Inverter 2 (1 Stby) 17, 520 . 9975
System Rel.

. 902
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l 6.8 SYSTEM PHYSICAL DESCRIPTION

The weight, volume and power characteristics of the SCS are shown in Table 6-11

Table 6-11. SCS PHYSICAL CHARACTERISTS

Weight Power|- (watts) Volume
SCS Components (pounds) Peak |Average (cu. in,)
Polaris Star Tracker 20 20 4 1000
Two=-axis Horizon Scanner 18 6 3 500
 (electronic gimballed) v
Acquisition Sun Sensors 3 - - 28
Three-axis Gyro Reference 10 30 20 300
Inertia Wheels 34,2 60 21 1060
(Roll, Pitch, Yaw) '
Wheel Drive Electronics 5 iZ 4,5 140
Reaction Jet Subsystem 54 20 0.5 -~ 2800
SCS Controller 30 30 30 860
Inverter 18.6 20 5 520
Totals 192.8 198 88,0 7208
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APPENDICES

In the early conceptual phases of this study, numerous alternate vehicle
and control concqpts were considered., To permit a final configuration
selection, preliminary systems analyses of the alternate‘concepts vas
performed, This preliminary data, which was used in the initial trade-
off studies, provides much of the generic background which lead to the
recommended system., However, the data was generated to indicate relative
magnitudes of quantities for trade-off purposes and hence simplifying
assumptions were permitted, The analyses were rerun in considerably

more detail for the recommended configuration,

The preliminary configuration data used in the initial trade-off studies is
presented in these Appendices to provide the background data on each of the

alternate configurations considsred in the study.

It is noted that rotating sub-oriented solar paddles were assumed for

configuration #1 to #1h; while fixed solar paddles were studied for the
final configurations #17 and #18.
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APPENDIX 6A

PRELIMINARY CONTROL TORQUE AND IMPULSE REQUIREMENTS
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Control Impulse

Tnitial control impulse requirements for four elternate vehicles with

either a wire mesh or solid surface antenna configuration was computed

to illustrate the relative impulsé requirements for each configuration,
These initial calculations were performed assuming a pure jet control
system. The conprol impuise requirements shown in Table 6A~1 are based

upon a preliminary disturbance torque model, limit cycle operation, initial
orientation,'offset pointing maneuvers and station keeping. These cél~
culations assume a two-year mission and that all control impulse is provided
by a mass expulsion system acting at selected moment arms for each candidate

“configuration.

In Table 6A-1l the estimates for the required impulse for maneuvering and
maintaining the limit cycle are based on the following assumptions:
1) It was assumed'that the 1imit cycie deadband was'0.02 degrees

wide in roll and pitch and O,1 degree in yaw.

2) It was assumed thaﬁffhe Jetls were sized and operated so as to cause
an angulaf velocity in roll and pitch equal to the velocity in roll
~and pitch equal to the velocity that would result if the estimated

dispurbance torque acted during one pass through the -deadband,

*.
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3) The limit cycie rate in yaw was assumed to be 1°/hr.

L) It was assumedrthat_stationkeeping required 3-90° maneuvers.,

This is requiréd if the stationkeeping engine @s located along the body
z-axis, requiring 90° reorientiation to permit an appropriate station-
kKeeping impulse,
5) It was assumed that offset pointing was required 100 times during
" the mission éf two years'apd that the bointing was at the edge of
the earth's disk. Also it was assumed that the offset pointing
maneuver ﬁas done with rates of 1°/min in both pitch and roll.
6) Also it was assumed that the satellite would be required to track
another satellite across the earth's disk 100 times during the two-
year mission, "It‘wés aséumed the tracking rate woﬁld be 0,123 x

10'3_rad/sec.

In this phase of the study, several alternate vehicle configurations sare
being condidered, To assist in this ucsi;n and selection, control impulse

data is provided which parametrically relates the impulse per axis per year

- to the mission and vehicle configuration variables,

The control impulse required to perform a limit cycle operation in an
undisturbéd condition for a period of one year is shown in Figure 6A-1,

Impulse/axis/year = 2tI62
16

where:

t = 31.5 x 100 seconds per year
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I = Inertia, 51 6-Tt7

| 1= moment'arm; feet
é = limit cycle attitude rate, rad/sec
0@ = deadband full width, rad

For these calculafions, I/1 was assumed to be 1 x 1073 and the impulse is
derived for varying limit cycle rates and deadband widths . A change in

\
I/1 would result in a proportionate cnange in the impulse required..

Figure 6A-2 illustrates the impulse required per -axis per year to balance
a steady state disturbance torque for various contrél moment arms. The
gteady state disturbgnoe torque is defined as the average torque over a
period of time which has the same integrated area as the calculated dis-
“turbance toque modelg. Thé impulse equation is as follows:

Impulse/axis/year = tT
' 1

where:

T = steady state disturbénce torque

To determine the control imp@lse required to perform close-earth satellite
tracking and offset pointing maneuvers, several assumptions are made, A
complete‘tracking maneuver wilivrequire slewing in both pitch and yoll.

from the vertical to the horizon (8.5°), then across the full earth disk
.(17°) and then back to 1oc;1 vertical. This will require six pulses of

the jets to impart the necessary angular rate in each axis., Offsel pointing

will require a total of four pulses per cycle. The time between pulses
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will vary, depending upon the actual angle to be slewed ineach axis,

For simplicity it is assumed that the tracking rate is a constant and 30
minutes is allowed for the 17° maneuver (34°/hr.). Also it is assumed

that this same rate is Qufficient for the initial maneuvers to the edge of the
disk. 'To impart the required rate, the impulse in each pulse is given by:

.
Impulse per pulse = 61
- 1

For the tracking maneuver, six pulses are needed. Hence the total impulse
per axis per year (shown in Figure 6A-3) is the product of the impulse
per pulse times six pulses times the number of,maneuvera per year,

Impulse/axis/year = 6NOI
1

The impulse required for offset pointing maneuvers can be obtained by

reducing the data shown in Figure 6A-3 by a factor of 2/3.
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APPENDIX 6B

PRELIMINARY REACTION JET CONSIDERATIONS
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Reaction Control Jets

To initiate a preliminary reéction jet trade-off study, a set of preliminary
bounds were placed on the control system requirements. These bounds were
based upon the impulse requirements for the four initial vehicie configurations

discussed in Appendix 6A and assumed a pure Jjet control system.

This discussion presents the results of a preliminary study of candidate mass
expulsion torquing systems as applicable to the ATS-L mission. Cold gas,
hydrazine, hypergalic, subliming sclid and heated ammonia systems are evaluated

and their definitive trade-~off parameters determined,

For this reaction Jet system trade-off study the following ground rules are

assumed:
ﬁinﬁﬁum Impluse Bit _ | A : 001 lbp-szc
Total Impulse Range _ L0O00-32000 lbg-sec
- Thrust Level ' 0.1-1.0 1lbs
Rise-Decay Time o ASéumed Not Criticel
Pulsé Repeatibility - Within 5% After 2 Years
Limit Cycle Duty Cycle : 10-25ms On-Time Every 300-700 sec.,
System Weight (Max) ' 125 1bs |
System Velume Assumed Not Critical
Power Limif 20 Watts

e
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System Life* Up to 500,000 Pulses Per Axis

System Reliability : 99 For 2 Years

From Figures 6B-1 and 6B-2 (Reference 1), it is apparent that for the thrust
levels, duty cycle and total impluse range confemplated,.the following systems
are worthy of investigation:

1. Subliming Solids

2. Vaporizing Liquids

3. Electro-chemical

L. Cap Pistol

5, Cold Gas

6. Liquid Bipropellants

7.. Monopropellant Plenum

8. Liquid Monopropellant

The subliming solids, véporizing liquids and the elecﬂro-chemical systems may
be eliminated from consideration because of the very high power requirements,
ranging from 1,000 to 15,000 watts for each pound of thrust generated (Reference
1l and 2), The applicable éhrust range for electro-chemical systems is from

1 x 10-5 to ol ibf. The GE resistance Jjet thruster which is in the electro-

* The range of total impulse and pulse lifetime required is dependent upon
whether reaction wheels are used to balance the disturbance torques and

remove the limit cycle operation.
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chemical category, has a power requirement of ~ 1300 watts/lb of thrust
generated for a single jet, and ~ L50 watts/lb of thrust generated for a
cluster of five jets. The thrust range for this resistance jet is currently
.015 to .05 lbps The sbecific impulse varies from 150 to 250 lbp-sec/1bp

depending upon chamber pressure and gas temperature (Reference 3).

The cap pistol which is still under development, can provide 200 lbf-sec/lbm
and repeatible impulse bits, but the disadvantages of its mechanical complexity
and low volumetric efficiency for cap storage are too excessive to permit

further consideration for ATS-l.

The cold gas systems which meet the thrust level and duty cycle requirements
do not meet the maximum weight requirement of 125 pounds. Figure 6B-3 shows
estimated system weight as a function of total impulse for the Freon 1L and

nitrogen cold gas systems.

From Figure 6B-2, it appears that liquid bipropellants could be applicable
from the duty cycle and thrust level considerations. Unfortunately, for short
pulse widths (10-50ms) propellant utilization is quite poor due to mixing
problems in the chamber. This eliminates any weight advantage that the

system may have had over a liquid monopropellant system. Also, the mixing
problem causes poor pulse repeatibility for short pulse widths. Also, from

a reliability standpoint, the bipropellant system is not as good as the
monopropellant system. A relative indication is given in Figure 6B-L

(Reference L).
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Monopropellant hydrazine reaction jet systems can be divided into two categories:

a) Monopropellant Plenum and b) Liquid Monopropellant,

The monopropellant plenum reaction Jet system shown schematically in Figure
6B-5 looks quite attractive from the duty cycle, thrust level, total impulse,
and impulse bit reproducibility aspects. Compared with a liquid monopropellant
system, the major advantages are rapid response time (’;'lOms from signal to
90% thrust) and lower thrust lévels (to 1 x 10'31bf) while the chief dis-
advantages are additional weight as seen from Fiéure 6B=3, and the require-
ment of some form of thermal control for the plenum‘chamber. Since response
time is assumed not to be critical for the ATS-L application, it is recommended
that this system be considered further only if; (1) the thrust requirements
drop below .05 lbf, (2) response time requirements are in the 5 to 15.ms range,
and (3) the total impulse needed is less than 75000 lbs-sec, However, if the
rise time becomes less critical and the minimum pulse ﬁidth increases, as

would be the case for a wheel unloading made, the liquid direct feed hydrazine

monopropellant would be most attractive,

The liquid monopropellant system shown schematically in Figure 6B-6 is quite
attractive from the thrust level aﬁd total impulse considerations, but is slightly
less attractive from the duty cyéle aspect. It is currently estimated that

this system could supply a total impulse of 10,000 lb-sec and still be within
the maximum weight limitation of 125 1b, When the system is compared with the

monopropellant plenum system, it offers a weight advantage as mentioned
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previously and the possibility of a slight improvement in reliability.

In view of reliability improvement, a modification could be macde to the
system which would prevent propellant depletion due to sudden leakage across
reaction jet solenoid valves in the event of a valve failure Juring the
mission. This could be accomplished by installing normally-open explosively-
actuated valves in series upstream of the solenoid valves. A concept which
has been employed previously to reduce the probability of a complete system
failure has been the use of dual systems which are two independent half.-

systems. However, this scheme involves a slight weight penalty.

It is assumed for this study that the specific impulse of the liquid mono-
propellant hydrazine system will be 150 lbf-sec/lbm. This assumption may

be marginal for cold bed pulse widths of 10 to 50ms. There may be a good
possibility of increasing the specific impulse by using some passive

technique of bed heating which employs radioistopes. This would also improve
the pulse reproducibility by decreasing bad temperature variations which are

a function of duty cycle. Hot bed pulse bit reproducibility has been reported
by Rocket Research Corporation to be within 2% for short pulse widths of

~» 25ms, Although it is not known for certain whether pulse bit reproduci-
bility can be held within the 5% limit after two years, it is believed that
this requirement should be achievable. The required minimum impulse bit of
.001 lbg=-sec can be attained with an engine in the ,05 to .1l lbf thrust range.

The smaller engine which would operate for a longer time to produce the minimum
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impulse bit would be preferable from the standpoint of increased efficiency.

Hydrazine engines have currently been pulsed from 60,000 to 120,000 times
with total on-times of 6,000 to 25,000 seconds (Reference L and 5). If it

is assumed that each jet during limit cycle operation will fire once every
300 seconds for a 25 ms period during a two year span, then the on-time will
amount to 5250 sec. If it is also assumed that the limit'cycle operation
accounts for one-half of the total firing time per thruster, the total firing

time will be 10,500 seconds which is well within current limits.

To date, hydrazine engines have been tested for up to 120,000 pulses without

a valve failure. Since the ATS-l reaction jet system may require a pulse
lifetime of up to 500,000 pulses or even one million pulses, serious considera-
tion must be given to methods of reducing the number of pulses or providing

a satisfactory valve design. It appears that standby redundancy alone may

not be able to satisfy the pulse lifetime requirements.

As a result of this study, the liquid monopropellant hydrazine reaction jet
system is recommended for primary consideration. If the thrust levels
required are reduced to less that 0,02 to 0.05 lbf, the hydrazine plenum

system should be considered.

Reaction Jet Thrust Levels

This portion of the study presents the definition of the jet thrust levels,

pulse width, and impulse requirements in the configuration which does not
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employ inertia wheels or any passive means of attitude control., The data
included therefore provides a basis for trade-off comparison between five

candidate vehicle configurations, each with a wire mesh or a solid antenna

surface.

The jet thrust level is determined by two opposing requirements:
a) The resulting vehicle torques must be high enough, so that:
1) Acquisition of references can be-accomplished in the field of
view of the sensor and in the required time
2) Maneuvers can be made in the required time
3) Attitude control can be maintained in the presence of external torques
b) The resulting vehicle torque must be low enough so that low rates may

be maintained in the limit cycle, thus avoiding excessive fuel consumption.

If one thrust level cannot meet both of the above requirements then two thrust
levels must be used. If the vehicle is operating in the presence of disturbance
torqueé and the total impulse is largely due to disturbance torgque then the
second consideration is not as important in determining thrust size. In

other words, a large jet thrust with short pulse length is just as effective

as a small jet thrust with a long pulse length in removing vehicle momentum
caused by disturbance torques. With some types of systems the specific impulse
decreases with a pulse length decrease, and thus efficiency may suffer with

short pulses, so this must also be considered.

!
|
'
|
'
|
|
|
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'
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Preliminary calculations of thrust level and pulse width have been made and
the results are shown on the attached charts. The approach used was to
determine the minimum acceptable level for acquisition and for controlling

in the presence of the external torque due to misalignment of the stationkeeping

engines,

A search rate of 0.3 degree per second was used for each axis with the
restriction that acquisition should be accomplished within 1/2 of the total

field of view of the sensor, Using 1/2 the total field allows for variations

in search rate, thrust levels. etc.

The acquisition thrust levels for each of the configurations were used for
calculating impulse and time for the remaining control modes. A 0,015 second
pulse width was selected for limit cycle control and the total impulse (upper
set of numbers on chart for limit cycle mode) for roll and pitch axis are
considerably less than calculated previously (lower set of numbérs on the
chart) where a limit cycle rate was assumed to determine total impulse, The
resulting limit cycle rates are much smaller with the acquisition thrust
levels and the pulse width selected. The yaw total impulse (upper set of
numbers) is larger than previously (lower set of numbers) calculated. Here

the resulting limit cycle rate was higher than previously assumed.

The total impulse for limit cycle operation in yaw can be reduced by reducing
the search rate for acquisition of Polaris. This will reduce fhe thrust level

which in turn reduces the limit cycle rate and the total impulse required.
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The results of calculations for reducing the search rate by one half

(0.,15°/sec) are tabulated below,

Configuration Yaw Total
Thrust Impulse
Level Yaw Limit Cycle
(pounds) (1b-sec)
SK-513-10 +0L6 7L
SK-513-11 <069 115
SK-513-12 .0L6 n
SK-513-1kL .0L6 73

The method of computation and rationale are discussed by control mode in the
following paragraphs.
1. Initial Tumble Arrest - Because the rates are being damped to zero, the
impulse per pulse is considered to be the same as the total impulse.
To determine the pulse width or the jet on time the impulse per pulse
is divided by twice the thrust size for yaw (jets are firing in couples)
and the thrust size for roll and pitch (single jets).

2., Orientation - The thrust size was determined from the following formulas:

o2 2
F =10 (yaw) F =I0 (roll pitch)
L1s 210
where:
;.= Jet thrust in pounds
¢ = Search rate in radians/sec
1 = Moment arm - feet
@ = One-half the field of view - radians

The impulse per pulse was determined by dividing the total impulse by

2; one pulse to acecelerate the vehicle and the second to decelerate

ams o IIII‘II.III N Gl M TN G G m . IIII. Gl Gl & = Illi'l.illl
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the vehicle, The pulse width or jet on time per pulse is determined
by dividing impulse per pulse by twice the yaw thrust size and by pitch
and roll size as given,

Limit Cycle Operation - The total impulse was found by using thrust

level determined above with a minimum pulse width of 0,015 seconds.

2
2PIF2 o,

1b gec = (yaw)

2
where 1b sec = PIF2 ton (roll and pitch)

P = Total mission period - 63.1 x 106 seconds
1 = Jet moment arm - feet
F = Jet thrust -~ pounds

ton = Minimum pulse width - 0.015 seconds

ODB = Width of deadband - radians
I = Inertia of vehicle - slug-ft

Impulse per pulse was found by multiplying pulse width by twice the thrust

level for yaw and by the thrust level in roll and pitch,

The lower set of numbers on the charts shows thrust level and impulse
per pulse using the total impulse as determined previously with the
minimum pulse widths,

Balance Disturbance Torques - The same size pulse width and jet levels
were used for this mode.

Offset Pointing - Four pulses were considered for each offet pointing

maneuver with a total of 100 offset points, so impulse per pulse was
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found by dividing total impulse by LOO. Pulse width was found by
dividing impulse per pulse by twice the thrust for yaw and by the thrust
level for roll and pitch,

Satellite Tracking - The impulse per pulse was determined in the same
manner as offset pointing. The number indicated under thrust size is
the thurst required to accelerate the satellite to track a low orbit
satellite. It is expected that the acquisition thrust sizes determined
above will also be satisfactory for this mode when using pulse widths

of 0,015 seconds., With these thrust sizes the rate increment per pulse
15 1.2 x 10-6 rad/sec.

East-West Station Keeping - For east-west station keeping a misalignment
of .25 degrees is assumed for the two jets. One of the jets is the
pitch jet used for attitude control. Misalignment is assumed into the
roll and yaw axes with moment arms equivalent to the pitch jet moment arm.

Yaw thrust requirements = 2(thrust level-pitch)(.00L35) leg

21
Roll thrust requires = 2(pitch thrust level)(.,00L35) 1cg
1
where:
1Cg = Pitch jet moment arm
1 = Roll or yaw moment arm

The pulse width shown in Tables 6B-1 through 6B-10 is the time for the
jets of the size indicated which are Jjust large enough to balance the
torques from the station keeping engines. Using the thrust levels deter-

mined for acquisition will result in a series of short pulses.
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90° Roll for N-S Station Keeping - The maneuver rates are the same as

for orientation so the same jet size and pulse width are adequate.

Impulse was determined to start and stop the maneuver at 90 degrees and
then return to normal orientation.

Attitude Control During Station Keeping Thrust - To determine thrust levels,
and impulse the following assumptions were made:

a. Station keeping engine thrust - S pounds

be. Thrust time - 10 minutes

c. Misalignment, - 0.25°
de Moment arm (distance of engine from cg)

1. SK-513-10 6 feet
2. SK=-513-11 12 feet
3. SK=-513-12 10 feet
L. SK-513-13 . 2 feet
S- SK-SIB-I’J )-107 feet

The misalignment was assumed to act aboﬁt an axis at 45° to the pitch and

roll axis , The attitude control thrust is then found from
(T

F =  sk)(sinemisalignment angle)(sine L5°) lcg
Where:
Tgx = Thrust level of station keeping engine

F = Thrust level of attitude control jet

lcg

1

Distance between cg and station keeping engine

Moment arm of attitude control jet
The thrust levels are less than those determined for orientation control,

thus the thrust level chosen for orientation control will be satisfactory.
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The impulse per pulse will also be modified since by using larger jets
than actually required a series of short pulses will occur in balancing
the misalignment torque.

Artenna Pattern Study Maneuver - A rate of 0,1 deg/sec was assumed.
"his is 1/3 of orientation rates. Jet sizes chosen above are adequate,
Impulse was determined to start the stop the maneuver for a total of 50

MU NEUVETH o




169 .16Vl (PT10S) OT=€TS-¥S *HULLVHIULA:00

[ STz = %1

0°s = %1 neme = 1

Zne X golf = X1
e neey  g°ee SeT° gc0° 90°* 2g° sg° neel 28 S8 NET § s29ansusuw g

SYIAUENYY XOuLS NHALIV VRNZINY  *OT

— 0 009 009 0 g1o° 120° 0 1°g €%9 0 n°2€ g°LE LS(HAL ONidTe)
9.. *NQIIVIS ONIMid TOHLNO0D adulilly °6
B sJaandueuw 0
© o} (s} L°99 4] 0 9c*° o o} N ) 0 96 JE&EZCHS% S=N HOd TIO4g06 °g
SHOT3034400 g
€Lg €8 €lg f-o1xn'gd gfo* -OTXh* &€ 2€° £°9y nee 9°2 o€s L2 ONIZEDANOIIVLS ISafi ‘Isva  °L
sdaansuew 001
0 STL* [ (0% 0 p.oTXT* 01X’ 0 90° 60° o] (4 € ONINOVEL 4LITIwivS °9
(o} 8°c (49 0 geo* 90° 0 (18 €e 0 8s 16 SJaanaueu QT
ONILNIOd LuaSddO °§
[0} s10°® St0°* 0 ge0* 90° 0 a.odc..m 0L X 6 0 oot one SHNDYOL IONVEHLLSIA FONVIVE °N
St° ane* 992°  F-0TXS*N [eoOTXL*€) 0T X Ny 0gl onse 0261 _
s10° st0° s10°® (1144 geo* 90° F-0TXS*S a.oda.m 70T X 6 Sett 99 96 NOIIVHEdO I10X0 LIWIT °€
SaWTy Q5 Jumssy
9°9 2°L9 L°99 set° geo* 90° 5°2 9°2 N sne 552 oot NOILVINAIMO °2
S°€9 ge9 €9 sgtT* geo* 90° s°€e AR T°g¢ 5°€e e T°g€ ISTYYV FIEWAL TVILINI °1
[~ MYk HOLId TI0H VK H 1Id TIou VR HOLId TICYH MYX HOLId TIOS
HIOW TOMINOD
07S) HUIIM I81d (d7T) 97215 TSMEAL Pas-d1)451Nd Uod SHoTidNT F (0=S="€1) 5SINdWI 1VIOL

+llll'lll'l'll‘l-l



2-49 Tdvl ) (usaN) OT-€IS-dS :uoTIednsTJuoy

sne?  SE=’I

5.t mme=t1
i N =X1  g6lE = XI

e neey  €%ec Sgr° §e0° 90° 8° 58° net 28 S8 ML | ssasnsuvu (g
mﬂbﬁaz ML MAulIVd VRNGING  *0T

o~ 0 009 009 (V] g10° 120° 4] s €°9 (o] n°e€ g°LE ISiunl LiddEid
N NQILVIS ONTHHC TOMINOD FMULILLY °6
'
1] SJeAnsuwE §
© 0 0 L°99 0 o] 90° 4] 0 L 4] (o] 96 DNIJTAANCILVIS S—N dQu .HAQG-OQ ‘g
UOT329II0D ¢
€L8 €Lg €lg mlodnd.m.n geo* mlod.xdomm € £°99 e 92 ots Lz ONIdTINOILYIS Isamlsvi °L
Jaanauew OGT
0 mﬁoo qr0° o] MIO.HNMH. MLU.—..NNo (0] 90° &c* 4] e £ ONINOVML ZIITIAVS 9
) Fusanauew 0ot
0 g°¢t 8°€ o] geo* 90° V] H (18 £e* 0 8s 16 ONIINIOd IdS4d0 °S
(V] [ (o) s10° 0 geo* g0° C JIOHK L°s ﬁTOH X € [¢] [°TAS goT | SANGHOL HONVHYLISIA AONVTvE n
s1° qet’ €ET° fe-CTX:°W ¢-0TX6° 1} CT X ¢ ugl oL 6LN
[0 [ (Ve S10° 617 gco* $0° M|OHNm-m J-CHNh.m ..TOH X 6 SgTIl 99 96 NOILVHAdO 47040 LIWIT °€
saull 03
9°9 2Ly L°99 Sg1° geo’ 90° 3% 9°¢ ] ste L114 oon NOLLVAINTHO °2
s*€9 (4127 569 agr’ geo*® 90° s*€e 2 ne gt a°€e FARI 1°g€ ISRy @E TVIIIND °1
L1:3 ¢ Yol1d 1109 aex Qo3td 118 nejl 4oytd 1199 neg QI 1oy
FAON T0kLi00
— R0 iy 17 e 2ZIT ISMENY JTOEB=HT) =5l 8 d 3o lhchl TS TS IaRT IvI0L




€49 F1avl (PT108) TI-€T15-¥S :UCTREINW{Juo)
L€ =1 92 = %1
s =& ogiz = “1
€26 = X1 Sm6E = I
£°2 e 22 9Lz’ FAj o) g50° S2°1 6° €°1T s2t 06 0ET SJaanauwu 0§
SHEANENVA XA0LS NLILIvd VNHEINV  °UT
0 009 009 (4] n€o* %o* 0 2°ot 2°01 0 219 2°19 ISOHHL ONILESY
=NOLLVIS ONIWNG TOYINOD 3AMLILLY °6
] !
n... o} of ¢°L9 0 0 gs0° 0 0 6% 0 0 9°¢6 sI2ansueu g
bo ONIJTAINOLIVIS S-N HO4 TIOH 06 °g
k SUOT3III00 g
88L 88l 88l [-0Tx2°94 2w fp.omx9t9e] T 1°9% e £°¢ 0£5 £°2 ONIJTDINOTLVIS ISun‘lsvd °L
sIsansusu (O
) sto*§ sto° 0 .OTXET"}¢-0TXgT" s 590° 60° 0 T 9 YHDIOVEL ITTIEIVS °*9
SJeanauew QQT
] L€ 8°c 0 o gs0° 0 9t* ez 0 €9 68 DNLINIO LaSdd0 °S
0 sto*j sto° 0 AL o) g50° 0 | 4otx€gfnorxiog 0 0602 Ggel | SIMO¥OL 0nVEUNISIU FONWTVE °f
s10° S10° s10° qee°® €85° est®  Je-omxg g c-omxl*gf . _otxgo9 | oLTT §ooz2’eT 0095
9Le* 2o’ 850° ¢ b x €' p0TXE*9Inp0TxL°g ]  SEQT 5°99 % NOLLV¥SO FIOAD IIWIT °€
sSauly g WSSy
L9 S*S9f €°L9 9L2* AL o) gs0° L€ sl°2 6°¢ ole sle 06€ NOILVINGTHO °2
" S29 me 9L2* o 8s0° 2°se 2*9%e (2414 2°s€ 2°92 £°L€ ISx¥aV Tdhul TVILINI °T
VX HOI1d TIOW | VX HOIId | TIoW 73 HOLId TIO¥ PX7 Holid| T
FACH TOULNGO
TeS I AL 2210 o e D RGN 810 Qi A QGRS 417 1SV s L WRICAY 117170 G RARIAS




6B-24

n-99 FIEVL (uso9H) TI-€1G-AS 3UOTIL. NITJUOD
| T ¥ Y
W . 2 2
4 L°t = "1 wee = 1
£ £
€S 1 ogle = I
€5 T SNE eI
SJuANQURW 0F  SHuLNBNTA
€°2 T § e 9le® 2m° gs0° [TAR1 6° £°1 (148 06 0f1 IS NHELLvd VANALN  °O1
ISNMHLI ON1JEDINOLLVIS
0 009 009 0 w%o* o’ 0 2ot FA(1} 0 FAd ¢°) FAR ) ONIHNG ‘TOMINOD FAALLILLY °6
sIJansueu 9 ONIJIRA
0 0§ €Ly 0 0 gso* 0 0 6°¢ 0 0 9°¢é ~NOLLY1S S-N ¥0d TIOH ,06 °8
4 SUOT3031I00 g
8ol 88l g8L gorxe9z} 2m° w.og.wm m* 1°99 62° €°¢ (V41 €2 ONIJTDINOLIVIS ISam‘lsvd °L
JaAnausw 00T
0 ST0* § S10° 0 f-OTXET" | - 0TXg1] 0 §9¢* 60° 0 92 9 ONINOVHL GLITIALVS °9
ksancuen 001
0 L€ 8°¢ 0 2P g8s0° 0 91° 22 0 €9 68 ONILNIOd 13S..0 °3
o] S10° [ (% [¢] o gso°* 0 3.9& °9 4.3!.@ 0 ocg nen SANbELE =ONVEEALSIL HONVIVE  °Y
see’ %€ e f-0otxg*9 k-o1xn°s Je-omxLenf oL 0015 oole
st0° S10° S10° QLe® no* gs0° *lo.nkm.m 0IXE* 9 *WOHNF.Q SERL 5°99 26 POILvEAdO J10.0 IIMIT °€
Sy 09 UNSEY
L9 §*59 ¥ €°L9 9Le* o’ 8s50° L€ al*e 6°¢ (o719 sle 06€ NULLVLiild0  °2
]
’
m s29 . ™ GL7* 2’ 8s0° 2°SE 2°92 €L 256 2*92 neLE 1ST¥4v FIGHAL TVLLIO T
H 108
mex iowdld . 1IW mex | wdld | TTeW Mel § w0l d Rel | W t F00W VLD
(99s) HIGIM #INd qQl) HZIS ISMHL 998-Q1) 5S1Nd Had LSI0GWI | (41-255) 1STINdWI TviOL




=49 FIEvl (PT10S) 2T-E€IS-NS :uOTIeINBTFUOD

! i :
t &
: et ste= %I
{ : os =%t mmea*1
x X
= 1 goTE = I
3 SJ0ANGUTH OF
AR feee €°2e agr* ge0* 90° 1} 2g* q9° et 28 S8 dm.nwﬁmbbng IANIS NMSLIVd VYNNILNN °CT
i
LSMH]L ONIdIDINOLLv LS
0 009 009 0 €0° seo* ¢ 0 0'6 L°01 o] o*ns 2 £1THUd TOYINOD FAOLILLV  *6
1n ;
o~ 1 ” sSJaanauew 9 DNIJTEN
nw 0 ol Ll°99 4 0 0 %° } 0 ) 0°n 0 0 96 +NOLLVIS SN ¥Qd TIOW ,06 °§
© .v SUOT3931100 g
£Lg €L8 €Lg w-ods.ﬂ geo® -ods.mmw A £°99 e 9°2 52s A ONIZEINOIIVLS 1STi‘lsvd °L
m sJaAaraueuw 001
[¢] s10° qlo°* 0 muOﬁNMﬂ. muo.nnm. ¥ [0} 90° é0° 9] i A ONINOVYL ZITTIZIVS 9
) sJeAndueu 00T
0] gt g°€ 0] g€o* 20°* 0] qt1° £e* (o} S 1o OuIIN:Od LESdI0 °S
0 [1(0)¢ qre* o] &t0° 90° 4] a..o,mﬁ..m 4.; 1= g 001 (99 SANVHOL FONVEUALSIA 2ONvive  °N
s1° 990° €1° m-odﬁ-q muod&.m mlOﬁNc. Crd SgT 5%
ST0° S10° S10° (1) 8 geo* 90° mao.nxm.m *To._unh.m J:na. X Spli 99 96 NOIIV&3dO FT0AD IIWTTI °€
S3WLy (g QUUSSY
9°9 2°Le i%99 581° gco° 90°* 52 9°e o°1 ste qse oot NOILVINATHO °2
S€9 €9 s€9 agt” g€0° 90° s°€e 2'ne T°6€ q°€e FARIA 1°g¢ LoZ¥cV FTaRAl TVILINI °T
AU I —
Mex yoqtd 118 Hnex uwItd 1104 mex Yortd 1104 Mex Yord 110"
FAOW TOULNOD
(TS IL Sol 1628 9 JCYA RJNRS (213N L5 2 9 JRCISH 1 R CT GRS 01721708 QLAELhal= R ARCISF 111 I LT A
i

"-'l-ll'l"-'lbl'-



9-€49 TIEVL (uso) 2T-€IS-NS :uOTIRINITJUOD

‘ M . gne®l smZ="I
‘ ; . £ £
N : 0°5= 1 MWmW=‘I
: § x
: } =T o= I
_m gJaANSUBW (F
FATTAN B o4 €2 Se1° geo* 90° 8° q8° €1 2] S8 ﬁHJuEsz IINLS NH4LIvd VHNIINY  °01
0 LSIMHL ONIdI=X
nuu (o] 009 009 (v} €0° S€0° 0 0°6 L°01l ] (0311 2°MONOIIVLS ONLHILd 10850 =dNIILIV  °6
m SIGANIURH 01T
0 G L°99 0 0 90° (4] 0] o 0 o] 96 -NOIL.LS S=H ¥O4 1104 06 ‘%
SUOT(OIMIO0d g
(2] £ly €L8 mlo.nkd.m gec” mlo.—.xa.mm 2€* £y nee y*e 149 L°e OIdADINUILYLS Is4.flsvd ‘L
sJaanaueu (LT
4] q10° [ () 4] mno.—.Nm.n. mnCﬁxN. 0 90° 60° 0] e Le Brlidved _LITT4liS °Y
saaanauew LT
o] 8°¢ g8°€ 0] geo* 90° 0 q1° €2 0 85 16 ONLINIOd 155440 °5
[0} S10* s10* (¢} geo* 90° 0] -W.OANN-m 4|od.& C 92 22 SANDUOL SOKVEUALSIO FONNIVE N
S10° q10° s10° S1° o* 4q290° ,lo.nxm.: qOHKm.Lmlog.N 0gL 9l el
Sg1° ge0” 90° mno.nxm.m Juo.mxhom 4:0.n x SeTL 99 96 NOILVHEdO AT0X0 1IWIT °€
f S8W13 0 SUMSSY
9°9 woheﬁ L°99 agT’ geo*® 90° §°2 9°C oY she (114 oot NOILVINSTHO °¢
5°€9 geg’  s€9 | serc  gfo° 90° 5°€2 el e $°€e eme §oteec ISTy TEWAL TVILIND °T
3
. ~T e e
o Tl ==rror| ! =—TTor Loia o —
rv FAOH TOdLNUD
-+ CoReTRITMITI -4 =TT | ST T Y I TN T TTT




-89 14Vl (PT10S) =€1-¢15~4S :uoTyen31juo)

" .
% . i . R
5 : S°€="1 Uel= I
£ i
. i 06 =8 exie I
] <
£ i 0% = X1 151 %1
m sdaAnaueu 0§
€2 9Ty 61 gete | ce00° s19° 29° 2* € 29 w NESHEAIEWA ATILS NIZLLVE viwwdNY 01
i ISMNAL ORIadIROLLYLS
£ 0y oW w9 o ] oot | nmoc* o 52 s°e o ST St OKIE:0 TOHLNGO 4QULILLV ¢
m w SIaAnauwu 9 GiIdood
17 C m. [0} n° sy G G 3 (9 G o [oha 8 [#} [0} e =“NOILVLS Sa dul TIGH 6 °g
: F:oﬂom.ﬂoo 8
of12 M. Oftzd of1z gomxecl) €600t | otxg me n6¢ i1° s S1€ 11 ONIEEMLCILILS 1oan LoV °c
. sJeAnauew GT
s} sl st o f.otxeor §_otaso c $100° ngo* 0 g°. 5% £, 1.0 2a1TIaLIS S
w 3 sJaanauee Q1T
G M gc g€ o [ €600 S16° 0 s€0° ggo° 0 i €2 ONIINIOd JHSsd0 °§
_ .
0 m sl st o f €600 § St0° 0 Jnovrgaote 0 0611 056 SINDHOL ANVEM.LISIA ZONVIVE °f
' e
S10° ) swf sw FAR 12° w nsee f-ovee fo_otxe e .0txg°€ SHS 009L 0099
get” f €600t ¢ STt foowkien m.oiaj:-oim ¢ o8 g1t e NOLLV43d0 F10aD IIWIT °€
A..“ sty Om SUNE 8y
L9 g 1°sy get” €600° 3 SW0° 58°1 9° 0°1 Sgl 09 00T NOLLVLG.IHO °2
! b
m ! ol seo ] e | oot T ostor | oerin 6°s el out 6°s L6 IS:tdv TIEHLL TVILIE?
meX . W3td ¢ 1w | el Jueatd o 1ioW P59 QEEUERYZR M BT G k) o 7 -
, _ 4 300N TORLNOD
v TR TSI 1 LUV BN 270 AT ki U 44T N G 0011 0 toverat—yernmt-rrrot
B U




ll-llllll'lll‘l'lA

g=g9 31aVL (usaw) €T-£T5-3S 1uotTaeIndTJuo)

Gee"1  Wel='I
w6 =% esor =’

0% = X1 L6L1 = *1

sJeansusu (5

€2 ] 61 ge1® | €600° S10° 29° e " 29 ce 6 SPAMEIVN AA0LS NIELIVA VNNALHY  *OT
® ISMiHL ONIdasd
9.. 0 009 009 o}l mecet f tmeco® c 5% S°z 0 st m:iE:m ORIY;G TOMLNOD =MILILLY  °6
B sJaAansuew 0
© 0 ol f°sg G 0 S10° 0 0 ¢*1 0 o HeoB 1d3=NNCILVIS S-N ¥0: I10d 06 °¢
SUOT3OAII0D ¢
of1e oftef cete forxe otf céoo” focrc g M 166 Ay g€ S1€ 1 ONIdTEN. IL7dS ISain‘lsyT °L
sJasanaueuw (1
0 ) (o s10° 7 PREt m.-::mo. ) 4 (oloMd 20° o 5°S g ONI SVEl LoTTILLS 9
sJaAnaueu (CI
6} g€ [ o} €eoc Qe 0 SEet ot o] m €C DUILNIOd luSeaC  *s
0 s10° [0 o ] cenc a1’ [ a.nds.i.wﬁx re2 c $9€ s12 cTADYNL il HAnde.C JONFTVE 1
5 (e (0 e 21’ L1t 6ci® mnodn:.m mno.num..l muc.._u&. (119 onee 0oCLY NCILvHadO F1CA0 1I.JT °€
SaWl} (G JWSSY
L*9 01 T R gt | €6c0° s10° $g°1 9° 61 sgt 09 oct NOILVINIILO °2
L)) ong €9 gete | €60G° S16° 9°L1 6°S L*6 9°L1 6°S L*6 Lo BV J1d00d TVILINE °1
—— - ..
nex Ww3itd | t1tom ek 4331d Ti0d ~el § u9itd NG el | U9 LLoY 00K TUELLD

. foos) Husmws T vemmrebrr—




6~89 M8Vl (PT10S) MI-€15-d§ 3uoTjeandtjuoy

T I S
4 3 ) p =% ogrze"1
e 1 4 £
i ] Lo = £ 9L = 1
5
.,w ne1 gooz -1
3
Rz \ ez 222 11144 §20° 5€0° 2g° §5° i 29 S5 LL SJIoAnsuwu 05 SYIANL
-NVH IONIS NMALIV VNNZINV *OT
0 009 009 o S10° sto* 0 [l s°n ) Lz Lz ISNUHL ONIJZAN
> : -NPILLS ONIMLA TOMINOD SAALILLV °6
N
(]
m 0 0 £°9%9 (o] (o] seo® 0 0 £°2 0 0 (3444 SJsanauvu g
© IJZANOILVLS S-N ¥0d TIOH 06 °g
SUOT329.1100 g
ot oemf  oent fomxscotf  szot Lovmerz 1€ €0l w s°e 095 s°e ONId4DINOLLVIS ISain“Lsva *L
§sdaanauew QT
) sw°f  stwo° ) Foaxmo.r-oﬁnd 0 geo* n%0° o st $°1e ONDIOVHL wlITIALVS °y
sJaAnauew OCH
) g€ L€ ) 520° s€o° ) n60° €T° 0 FANTS 2s ONLINIOd IiSdd0 °§
0 st} st0° 0 s20° s€0* ) rﬂodﬁ.m 012" 3 ) 0gez O9M | sdNUYOL IONVEUALSIC GONVIVE °f
St° sto*f  st0° Lho° €Lee 6mes Eov 1 b oxor o otees oLL 0016 00LS
£51° $20° 560" F-oTxg"s f p oTxieg o sy oLt S*6€ 5°S5 NOILVHAdO FT10XD LIWIT °€
S3UT} (g aumssy
L*9 L*99 L9 £g1° s20° gco* sn°e m9°1 €z sne 91 2€e NOLLVINAINO *2
L9 w94 if9 £g1° s20* S€0° £°c2 9°st1 22 €€z 9*st 22 STV TIEWAL TVILINI °1
d L]
o wig ¥ tron | hex” wia | e T e 1108 nel | uo9id 1104
{ — i : 9d0W TOYINOD
rli-..«aﬁllﬂa L LA P RN 01130 B L 019 et 111 G CE RO U1 TR =L 2oLdnL VoY




6B-30

o1-49 TWYVL (usaum) NI-EIS-3E :uOTILANITIUO)
n="1 92~ “H
bt gma
e oz
rz ne22z 2z €g1° 520° S€0° 28° (134 L 28 (14 L SJoanause 05
vaE,.s__ AGOLS NMSILVd VANV 01
(o} 009 009 0 4 (ol Sw* 0 SN s 0 L2 L2 36001 ONLE:
-aivis ONINID TORINGO BAMILN ‘o
Oflda: X
0 of €% 0 0 s€6° 0 o} €2 o 0 5°s “WOLLVIS SN ¥O4 TI0M 06 °g
SUO[JDILIO0D
[+ 314 oftf ofwT Jotxicolf Ss20° f_ovemeref 1€ €0l 1€ s°C 095 5°2 ONIJERINUILVIS dsah‘lova °L
sJaanausu (O1
o (47} sto° 0 f-owxgo oottt 0 geo* ns0° ] 7°s1 12 ONLNOVEL ELITLadVS °Y
sJaaneuvs QU1
o 9°€ g°€ 0 seo0* [{{}s 0 n6o* £ (s 2L s OMLINIOd LaSidC °3
0 g°f g€ 0 S20° s€0° 0 ot |,C1X°S o 008 G6% | SLITHOL YONVAMALSLI dONVIvE °N
510° S10° st10° Lo* 7 noe*  g-0TMT .oTxNC (VX € oLL 0g2f onst
€g1° sec* 6€0* JO0TXS°S _.oda..n n-0T%2" S on GUét §°Sa NCILVH4dO TIOAD LIWTT °€
s3uWT} (S amssy
L°9 L°99 9 €gr° s20° 5€0° sTe w1 €2 (174 L) 22 NOLLvIMATHO °2
L°€9 9 LE9 138 S20° Ko £°€e 9°st tx4 €°€e 9°St 22 ISIEEY JT8A.1L TVILINI °T
nel | yod 1109 ne ] ELR &4 1104 ne g LYY 1104 nex u31d 1104 400K TOMLHOD
llll?.Jaﬁ.r Y ﬁ.ﬁuﬂn. L—‘i.: ot (10 G P e (1 1°1 (998-Q1) STudhl 1vd. .




1.

24

3.

Se

6B=-31

REFERENCES

Sutherland, G. S., and Maes, M. E., "A Review of Micro-Rocket Technology:
10-6 To 1-Ib Thrust", AIAA Paper No. 65-620, Joint Specialist Conference,

Colorado Springs, June 1965,

'Hardt, A. P., Foley, W. M., and Brandon, R. L., "The Chemistry of Subliming

Solids For Micro-Thrust Engines", AIAA Paper No, 65-595, Joint Specialist

Conference, Colorado Springs, June 1965,

"Design and Evaluatlon of TSK-2000-1 And TMJ=-2000-5 Re31stance Jet
Thrusters For Statlon Keeplng and Attitude Control Operation", Contract
No. NAS 5-9013, September 27, 1965, General Electric Missle And Space\
Division,

Hamilton Standard, Company Brochure Data, Windsor Locks, Conn,, 1965,

"Hydrazine Thrust Motor Performance and Application Data"™, Report 0362-

SU5A, Walter Kidde and Company Inc., Belleville, New Jersey,



6C-1

APPENDIX 6C

PRELIMINARY INERTIA WHEEL CONSIDERATIONS FOR
" CANDIDATE VEHICLE CONFIGURATIONS
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Preliminary Inertia Wheel Considerations

The following discussion presents the rationale, assumptions, and analysis
used in the estimation of the required parameters for inertia wheels to be

used in the ATS-L attitude control system.

Use of Inertia Wheels

When inertia wheels are selected as the control moment devices for attitude
control of a space vehicle it is generally done for two reasons. One, if

Lie mission life of the spacecraft is long)such as the two year life

required for the ATS-h,it is frequently possible to reduce the system weight
from that required for a mass expulsion system by the use of inertia wheels,
Two, if precise attitude control is required, such as the *0.l degree specified
for the ATS=l system'it is necessary to provide the control torque with a finer

resolution than is practical with a mass expulsion system,

In the case of the ATS-L spacecraft the inertia wheels are selected for both
of the above reasons, however, the attitude accuracy requirements make it
necessary that inertia wheels be considered whether or not their application

results in a saving in system weight.
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In reviewing the operating modes for ATS-l it appears that inertia wheels
may be used to advantage in the following modes.

o Attitude hold

. Tracking maneuvers

o Offéet pointing maneuvers

o Antenna maneuvering study
In the attitude hold mode the attitude control system must maintain the
vehicle in a selected orientation relative to the local vertical, orbit
plane reference with an accuracy of 0,1 degrees, Since the spacecraft
will be subject to disturbances resulting from solar radiation and other
causes some control action will be required to obtain the desired
attitude accuracy. In the event mass expulsion reaction jets are used to
generate the control torque it will be necessary to have a deadband of the
order of #0,0l degrees. Experience indicates that such a small deadband
results in excessive jet operation and fuel consumption because of noise.
The use of reaction wheels to generate the control moment will eliminate
not only the excessive fuel consumption but also the fuel consumption norm-
ally associated with maintaining an’ undisturbed limit cycle between the
limits of the deadband. This is a result of the continuous control moment
available from the inertia wheel as contrasted with the one discreet level

available from the reaction jets,
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The tracking maneuver consists of keeping the vehicle yaw axis pointed at
a satellite in a 90 minute orbit as it passes below the ATS=L spacecraft .

It is desired to track with an accuracy of *0,5 degree. Since the tracking

line of sight will have a sinusoidal angular acceleration,the attitude control

system must have the capability of producing a smooth angular acceleration
of the vehicle in roll and pitch in order to track with suitable accuracy.
The torque produced by inertia wheels is continuous within their range and

would be compatible with this requirement,

The offset pointing maneuver requires that the wvehicle yaw axis be pcinted
at any point on the earth's desk with an accuracy of *0,1 degree., Since
the inertia wheels are required to obtain suitable accuracy during attitude
hold and tracking maneuvers, a relatively small increase in the wheel size
makes them suitable for performing the offset maneuver. The end result is

saving of jet fuel that would otherwise be consumed.

The antenna maneuvering study consists of the offset pointing maneuver plus

a 360 degree rotation about the yaw axis. Since the wheels are to be sized

to accommodate the offset pointing maneuver this part of the antenna maneuvering
studv presents no new conditions on the inertia wheels. However, to allow antenna
polarization measurements, a 360 degree rotation in yaw will result in an exchange
of angular momentum between the roll and pitch wheels, Therefore, it will be
necessary that the roll and pitch wheels be sized to accept the maximum exchange
angular momentum. As it turns out this is not a problem since the maximum angular

momentum that will be exchanged is less than the maximum capability of the inertia

|
|
!
|
|
|
|
i
|
|
|
|
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|
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least the same angular momentum storage in the yaw wheel as provided in the
roll wheel for storage of angular momentum due to roll disturbance torque
in addition to any storage required for the yaw maneuvers for the antenna

Study.
Tables 6C-1 and 6C-2 summarize the estimates for the principal parameters
of the inertia wheels for the two configurations currently being considered

for the ATS-L vehicle,

Inertia Wheel Angular Momentum and Torque For Solar Disturbance Torque

In order to estimate the size of inertia wheels for attitude control in the
presence of disturbance torques resulting from solar radiation it is necessary
to establish the angular momentum to be stored by the wheels, For this
purpose it will be assumed that the wheels will be sized to store the

angular momentum due to disturbance torques for a period of 12 hours,

Twelve hours is the half period for the cyclic disturbance torque in the

roll and pitch axes, and if the wheels can store the angular momentum for
twelve hours, only the angular momentum resulting from unidirectional

torques will require unloading. With these assumptions the angular momentum
Lo oe stored by the inertia wheel and the peak torque to be exerted by the

wheels may be estimated as follows:

The estimates for the vehicle configuration SK=513-10 are,



wheels as dictated by the other modes of operation, However, this maneuver
will require a sizeable inertia wheel in the yaw axis in order to produce the

360 degree yaw rotation,

Inertia Wheel Sizing

In estimating the principal parameters of the inertia wheels, it is assumed

they will be used in the four operating modes previously discussed.

In sizing the inertia wheels to perform the offset and tracking maneuvers,
it is not necessary to provide angular momentum storage for simultaneous
execution of these maneuvers. Rather it will be necessary to provide angular

momentum storage for whichever one has the greatest requirement,

Although attitude hold will not be performed simultaneously with maneuvers.
the disturbance torques that require angular momentum storage during

attitude hold are present during maneuvers and therefore, the inertia wheel

requirements of the disturbance torques and the maneuvers.

Although the disturbance torques about the vehicle yaw axis are essentially
zero for sun oriented panels, the yaw axis inertia wheel will exchange angular
momentum with the roll inertial wheel as a result of the pitch rate that maintains

the yaw axis along the local vertical, It is therefore, necessary to provide at

must be sized to a}:comodate the simultaneous occurance of the maximum l
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TABLE 6C-1

‘| Reaction Wheel Reaction Wheel Reaction Wheel

Angular Momentum | Torque Weight
System lb=ft-sec 0z=in ‘ lbs
Configuration | Roll |Pitch| Yaw |Roll | Pitch | Yaw | Roll| Pitch | Yaw
SK-513-10 2.0 | 2.0 8.0 |L.O0 | 60 L.0] 9.5 | 12,5 | 19.2
SK-513-1l 3.5 |3.5 |9.5 k.0 [Lo L4.0|11.2| 13.5 | 21.8
TABLE 6C-2
Reaction Wheel Reaction Wheel
- Volume Power
Cu.=in, Watts
System
Configuration |Roll | Pitch |Yaw | Roll Pitch Yaw
Peak[Avg | Peal{ Avg | Peak[Avg
SK-513-10 340 | LSO 700 |16 (1.5 |11k |1.5 |16 |1.5
SK-513-14 o L90 790 |16 [1.5 76 11.5 |16 {1.5
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Roll

Angular Momentum Avg. torque x time
= 0.72 x 10-> x 12 x 3600

= 0.31 lb=ft-sec

1}

Peak Torque 0.80 x 10~ 1b-ft

Pitch

Angular Momentum Avg. torque x time
- 1.0 x 1072 x 12 x 3600

= 0.43 1lb-ft-sec

Peak Torque 1.33 x lO'S 1b-ft

The estimates for the vehicle configuration SK-513-ll are:

Roll

Angular Momentum

= 1,6 1lb-ft-sec

Peak Torque 5.6 x 1072 1b-ft

Piteh

Angular Momentum 6 x lO'5 x 12 x 3600

= 2.58 lb-ft-sec

Peak Torque 9.3 x lO"S 1lb-ft

3.7 x 10_5 x 12 x 3600 l
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Effect of Solar Panel Motion on Inertia Wheel Angular Momentum and Torque

If the solar panels are rotated at a constant angular velocity to keep them
pointed at the sun, the rate would be essentially earth's rate, It is quite
likely that at such a low rate the drive system would operate intermittently
rather than at é constant rate. Therefore, it seems advisable to design the
drive system so that it positions the solar panels in steps and take advantage
of the somewhat simpler mechanization., To this end a drive system that
positions the solar panels in steps will be considered. In this case, the
steps must be sufficiently small to satisfy the pointing accuracy for the
solar panels, *3 degrees. To insure being within the accuracy limitation

the steps will be assumed to be 1,0 degree.

If the drive system moves the solar panels one degree, the vehicle will
rotate in the opposite direction an amount proportional to the ratio of

the panel and vehicle moments of inertia.

That is
Oy = (Ip/Iy) x G
where
- @y = vehicle rotation
Op = gsolar panel rotation

vehicle moment of inertia

solar panel moment of inertia
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Therefore, the vehicle rotation for the SK-513-10 and SK-513-1L configuration
will be:

SK-513-10

_6.72
Oy = 5267 1.0 degrees

= 0,0027 degrees

SK-513-1L

Oy = %6%5 + 1,0 degrees

= 0,0009 degrees
The inertias for the solar panels used in the above calculations were based

on a solar panel weight of 1.0 1b/ft2,

The small attitude change indicated by the above calculations may well be
below the threshold of the attitude control system., In that event, the
inertia wheels would not be called on to correct the attitude until the

solar panels were repositioned several times,

To obtain an estimate of the attitude control system threshold assume the
inertia whezl is driven by an AC motor. Design data for a two phase, 26
volt, LOO cycle motor indicates a starting voltage of 1 volt. Since it is
desired to maintain an attitude accuracy of *0,1 degree, the inertia wheel
should develop maximum torque for this error or larger. Therefore, if an
error of 0,1 degree causes a voltage of 26 volts at the terminals of the
motor, the attitude error that would cause 1 volt at the motor terminals is

0.1 _
=g - .0038 degrees




6C-11

Therefore, with a system threshold of .0038 degrees the inertia wheels would
correct the vehicle attitude after two rotations of the solar panel on the
SK-513-10 vehicle and after five on the SK-513-1k vehicle. In other words,

the SK-513-10 vehicle would be rotated through .0054 degrees and the SK-513-1l
vehicle would bé rotated through ,0045 degrees. In the interest of simplifying

the calculations assume both wvehicles are rotated through ,006 degrees,

Under these assumptions the vehicle will be accelerated and decelerated as
it is rotated 0.006 degrees in pitch, If the acceleration and deceleration
are each constant over half the period of the rotation, the angular momentum

the wheel must store and the torque the motor must develop may be calculated

from:
Stored angular momentum = 2%5
Motor torque = 201
Y3

where

O = half angle of rotation in radians

t = time in seconds for rotation @

I = vehicle moment of inertia in slug-ft2
Assuming the period of the rotation is two seconds, then from the above
formulas the angular momentum storage and motor torque for the vehicle

configurations SK-513-10 and SK-513-1} are:
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SK-513-10

Angular Momentum

2 x (.003/57.3) x 2L2l

= «25 lb-ft-sec
Motor Torque = 2 x (,003/57.3) x 2Lk2L
1<
= 25 1b-ft

SK-513-14

Angular Momentum

1]

2 x (,003/57.3) x 1466
T

= +15 1lb-ft-sec

Motor Torque

2 X (c003/5703) X 1)-166
1<

= «15 1b-ft

Tnertia Wheel Angular Momentum and Torque for the Offset Pointing Maneuver

Since from synchronous altitude the earth's disk only spans 18 degrees, the
greatest offset pointing angle required of the ATS-U véhicle will be %9 degrees,
Assuming 12 minutes is an acceptable period for acquiring the offset pointing
orientation and the acceleration and deceleration of the vehicle are each
constant over 6 minutes, the angular momentum that must be stored by the

wheel and the torque that must be developed by the motor may be calculated

with formulas previously used for sizing the wheel for the solar panel

motion., That is

Angular Momentum = ggl
t

Motor Torque = 201

Exa
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Since the offset pointing orientation is not predictable, it will be necessary
to provide the capability in both the pitch and roll inertia wheels to perform
the maximum offset pointing maneuver, Therefore, the angular momentum storage
and motor torque may be calculated aé follows:

For vehicle SK-513-10

Roll
Angular Momentum = 2 x (4.5/57.3) x 3198 = l.L lb=ft-sec
6 x 60
Motor Torque . = 2 x (4.5/57.3) x 3198 = ,0038 1lb-ft
(6 x 60)¢
Pitch

t

(4.5/57.3) x 2424 = 1.07 lb-ft-sec
6 x 60

Angular Momentum = 2

Motor Torque = 2

b

(4L.5/57.3) x 2L2L, = ,0029 1lb-ft
(6 x 60)¢ :

For vehicle SK-515-1l

Roll
Angular Momentum = 2 x (4.5/57.3) x 2068 = 0,91 lb-ft-sec
6 x 60 -
Motor Torque = 2 x (L4.,5/57.3) x 2068, = ,0025 1lb-ft
(6 x 60)°
Pitch
Angular Momentum = 2 x (4.5/57.3) x 1466 = 0,65 lb-ft-sec
6 x 60
Motor Torque = 2 x (4,5/57.3) x 1466 = ,0018 1b-ft
(6 x 60)¢
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Tnertia Wheel Angular Momentum and Torque for the Tracking Maneuver

Since the tracking maneuver consists of pointing the vehicle yaw axis at a
satellite in a 90 minute orbit as it passes under the observing satellite,

the angular velocity of the yaw axis may be expressed as

r

L F R ¥ sin wt
where
JL = Angular velocity of LOS in radians per sec
W = Angular velocity of target satellite in its orbit
in radians ner second
¥ = Radius of target satellite orbit
R = Radius of observing (synchronous) satellite

Therefore, the angular momentum of the tracking satellite resulting from the
tracking maneuver will be
angular momentum = I Ju

where I is the vehicle moment of inertia. Substituting for J i the angular
momentum may be expressed as

angular momentum = L = I ( % ) wsin w t

and the maximum value will occur for sinwt =1
When sin w t = 1 the ratio(%) has a value of approxinately 0.2. Therefore,

the maximum value of the angular momentum may be expressed as

L

max = ¢2 ° __2 (1) "1

90 x 60
(2.3 x 10-1) 1

Since trrque is equal to the rate of change angular momeatun,
L

torque = T = I &
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or

T=1 -E we cos w t

The maximum value will occur whencos w t = 1 and the ratio g- has a value
of approximately 0.,17. Therefore,

Tma.x"(.17)x(902 2 -1
XE

=.23x10°%1
Since the path of the target vehicle satellite relative to the tracking
satellite is not predictable both the roll and pitch wheels must have the
capability to perform the tracking maneuver, Therefore, the angular momentum
storage and motor torque required in the inertia #heels for this purpose are:

Vehicle configuration SK-513-10

Roll
Angular Momentum = 2,3 x 1o'h x 3198
= 0.74 lb-ft-sec
Motor Torque = 0.23 x 10~ x 3198
- «00074 1b=ft
Pitch

Angular Momentum 2.3 x 10'1‘ x 2Lk

= 0.56 1b=ft-sec
- 0.23 x 10-6 x 2L24
= 000023 1b-ft
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Vehicle Configuration SK-513-14

Roll

2.3 x 10~ x 2068

Angular Momentum
= 0,48 1b-ft-sec

Motor Torque = 0.23 x 10"6 x 2068
= .00048 1b-ft

Pitch

N

Angular Momentum 2.3 x 10~

x 1466
= 0.3l 1b-ft-sec

Motor Torque 0.23 x 1076 x 1166

= «0003L 1b-ft

Inertia Wheel Angular Momentum and Torque for the Antenna Maneuvering Study

Since, as previously explained, the antenna maneuvering study consists of
the offset pointing maneuver plus a rotation of 360 degrees about the yaw
axis, the only additiocnal capability the wheels must have to be used for

this study is that required for the 360 degree rotation in yaw.

As the vehicle is rotated in yaw there will be a transfer of angular momentum
between the pitch and roll inertia wheels., Each 90 degrees of rotation will
cause a complete interchange of angular momentum between the wheels. The
maximum angular momentum interchange will occur when the roll and pitch wheel
are storing the angular momentum accumulated during one half cycle of the
disturbance torque. Therefore, in order to perform the antenna maneuver
study without unloading the inertia wheels the roll and pitch wheels must be

capable of storing the following angular momentum.

E e IIII‘II‘II IR IR N N B =N = =l Illl' - . N .. llli'l'.ll
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SK-513-10
Roll

Angular Momentum = Ouli3 lb=ft-sec
Pitch

Angular Momentum = 0.31 lb=-ftesec

SK-513-14
Roll

Angular Momentum

2.58 lb-ft;sec
Pitch h

Angular Momentum

Since the 360 degree rotation in yaw is to occur over a period of one hour,

the torques require to accomplish this transfer of angular may be estimated

as follows.

SK-513-10
Roll Motor Torque = O3 x 2
" 3500
= +00075 1b=-ft
Pitch Motor Torque = 031 x 27
3600
- +0053 1b-ft



6C-18

) -VLIJ

I
SK-11

.01l Motor Torane = 2,58 x 27/
3@0

= .00L5S 1b-ft

Pitch Mstor Torque l.6x 27

3600

= 0027 1b-tt
Assuming the 300 degree yaw mansuver may be carried out by a constant
acrelaration during the first half of the period and a constant decel eration

di.rirg the last halrl of the period the angular momentum storage and motor

sngnlar Momentum = 201
t

Ao r Toque = 201
7

where the cvibois have been previously defined,

i erefcre, th. angular morentum storage required for the two vehicle con-
Miourationc wn ler onsidervation are
) SIS B O

A

4, ar Moreaturm

2 x (16057.3) x 0115
- 180G

= T4 1b=ft..zec

Motor Toraque = 2 x (180/57.,3) x 2115
(1800)2

= 00041 1b-£%

terq 2 required in the yaw inertia wheel may be expressed as l
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SK-513-14

Angular Momentum

2 x (180/57.3) x 2168
1800

bt 706 lb-ft-sec
Motor Torque = 2 x (180/57.3) x 2168
00
= 0042 lb-ft

Summary of Inertia Wheel Angular Moment and Torque Estimates

Table 6C=3 summarizes the estimgtes of angular momentum storage and the

motor torque required in inertia wheels for the indicated modes of operation,
As previously discussed it is not necessary to provide inertia wheels with a
capability equal to the sum of the requirements indicated in the table., The
maneuvers are not performed simultaneously, however, the disturbances are evex
present, Therefore, it is only necessary to size the wheels to provide capa-
bility for attitude control and solar panel operation plus whichever of the
three maneuvers imposes the most stringent requirement. The last entry in the
table "Required Inertia Wheel Capability" is this summation rounded off to
provide a flight safety factor,

Estimation of Inertia Wheel Weight and Volume

The estimation of the inertia wheel weight and volume is based on design

data published oy Eclipse-Pioneer Division of the Bendix Corporation in
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publication No, 6311-5. From this information, the weight of an inertia
wheel unit may be approximated by the formula

Weight (1bs) = 6,3 + 170 inertia (slug-ft?)
if the motor is required to have a stall torque greater than approximately
8 oz-in. If the motor must develop a torque greater than 8 oz-in the weight

obtained from the above formula must be increased.

The inertia to be used in the weight formula may be calculated from

Inertia (slug-ftz) = Max Momentum (lb-ft-sec
oad opee X297

For these calculations the unload speed has been assumed to be 1000 RPM

Therefore, the weight for the inertia wheels is estimated as indicated in
Table 6C-L,

The volume of the inertia wheels is estimated on the basis of the average
density of wheels built by Bendix Corporation, Inertia wheels of approxi-
mately the same capability as those required for the ATS-L vehicle have a
volume to weight ratio of approximately 36 cu‘in/ib. Using this information
and the weights from Table 6C-4 the volume was calculated as indicated in

Table 6C-5,

Estimation of Average and Peak Power

To obtain an estimate of the average power consumed by the inertia wheels

it is assumed the motor has an average speed of 500 RPM, a friction load of
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| Vehicle

Inertia Wheel
Volume
cu.in,

Configuration Roll Pitch Yaw

SK-513-10
SK-513-14

340 450 700
lno 490 790

TABIE 6Ca5
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2 oz-in and an efficiency of 50%. With these assumptions the input power

will be

7.4 x IO'h x torque (oz~-in)
x speed (RPM) x 1
eff

Input power (watts)

(7.L x 10=14) x (2) x (500) x 1

1,148 watts

The estimation of peak power for the inertia wheels is based on the stall
power listed for similar wheels in the Bendix Corporation publication No,
6311-5. It was estimated that the pitch wheels for vehicle configurations
SK-513-10 and SK-513-1lL should have stall torque of 60 ox-in and LO oz-in, res-
pectively. From the data available on wheels of this approximate capability
the power to stall torque ravio was determined to be about 1,9 watts/oz-in.
Therefore, the peak power for the pitch wheels will bes

SK-513-10

n

Peak Power (60 oz~in) x (1,9 watts/oz-in)

= 11, watts
SK-513=1L
Tosk Powow - (40 oz-in) x (1.9 watts/oz-in)
= 76 watts

It was estimated that the roll and yaw wheels for both the SK-513=10 and
SK-513-1l vehicle configurations should have a stall torque of approximately

L4 oz=-in to insure having the peak required torque of abcat 1 oz-in available
24 pe
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at all motor speeds up to the unload speed. Wheels of this approximate stall
torque indicate a power to stall torque ratio of approximately L watts/oz-in,

Therefore, the peak power for the roll and pitch wheels is estimated as:

Peak Power = L (oz-in) x L Watts
0z=in
= 16 Watts
Conclusions

The principal conclusions to be drawn from the information derived during
the study of inertia wheels for the ATS-l; vehicle are:
. Of the two vehicle configurations being considered the SK-513-10

configuration places the lesser requirements on the reaction wheels.

» The yaw maneuver in the antenna maneuver study is the greatest

single factor in the weight and volume of the wheels.

« The disturbance resulting from the solar panel positioning is

the greatest single factor in the power consumption of the inertia
wheels, |
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APPENDIX 6D

PRELIMINARY COMBINED WHEEL/JET SYSTEM CONSIDERATIONS
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INERTIA WHEEL/PURE JET WEIGHT COMPARISON

This discussion presents the basis for estimating the weight of jet

fuel and tankage eliminated through the use of inertia wheels,

The inertia wheel weight estimate was presented in Appendix 6c. 1In
these ectimates the wheels were sized so as to complete the tracking
offset pointing or antenna study maneuver without unloading the wheels.
Therefore the fuel and tankage chargeable to these maneuvers will be

eliminated.

Also the wheels were sized to store the angular momentum of a half cycle

of the pitch disturbance torque without unloading, and so the fuel and

tankage assigned to the control of the pitch disturbance torque and limit
cycle will be eliminated. Since the roll disturbance torque is unidirectional
the angular momentum resulting from this source must be unloaded from the
wheels periodically and no jet fuel will be eliminated in this case,

However, any fuel chargeable to the maintenance of the roll limit cycle

will be eliminated,

There is essentially nc disturbance torque about the yaw axis of the vehicle,
assuming oriented solar panels, and tuerefore no jet fuel is consumed for
this purpose. However, the jet fuel that would be used in maintaining the

yaw limit cycle would be eliminated.
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Appendix 6Bshows the total impulse required by a mass expulsion system

to perform the various attitude control modes or functions. Using this
information and information on the weight for a monopropellant hydrazine
system the jet fuel and tankage eliminated by the inertia wheels was estimated

and is listed in Table 6D-1 for vehicle configurations SK-513-10 and SK-513-1k.,

In order to make a domparison between the weight aaded to the vehicle by

the inertia wheels and the weight of the jet fuel and tankage eliminated

by their use, Table 6D-2, was compiled. Table 6D-2 tabulates the inertia
wheel weight and an estimate of the weight that must be added to the vehicle
in the way of soiai panels, batteries, and power conditioning equipment to

supply power for the operation of the wheels., Although the average power to

f‘operate the inertia wheels is estimated to be only L.5 watts, it is estimated

that the pitch inertia wheels will have peak loads of 20 to 25 times this

amount for periods of the order of 5 ;econds. Therefore in order to handle
the peak lo;d it is assumed the .power supply will carry # 500% overload for
this short period and the continous rating of the supply will be 1/5 of the

peak power required by the pitch wheels.

Referring to previous estimates of vehicle weight per watt of converted
sine wave power in the LOO cps range the estimates have ranged from one
pound to 3.5 pounds per watt. Therefore, it was assumed that the power

supply would be in about the middle of this-range of 2,25 lbs/watt.
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TABLE 6D-1

INERTIA WHEELLS

- VEHICLE VEHICLE
CONFIGURATION UONFIGURATION
SK-513-10 SK-513-1L
Limit Cycle
Impulse (1lb-sec) 1347 1265
Disturbance Torgq. 126 800
Impulse (1lb-sec)
"~ Offset Pointing -
Impulse
(1b-sec) 149 89,2
Tracking Imnulse
(1b-sec) 61 36.9
Antenna Study Impulge
(1b-sec) 301 214
Total Impulse -
(1b-sec) | 198l 2L405.1
|
Fuel Tankage i
Beight ;
(1bs) Lh.8 50.5
Fuel Tankage
Weight with safety
Factor of 2
(1bs) ! 89.6 101

e e e e -,.1,«__._. PR,
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TABLE 6D-2

VEHICLE WEIGHT FOR INERTIA WHEELS

!
VEHICLE | VEHICLE ‘l
CONFIGURATION ; CONFIGURATION
SK-513-10 ; SK-513-1L '.
: !
. . Weight of Inertia | i
Wheels
l (1bs) L1.2 g L6.5
Weight of Power %
Supply for ’
: ' Inertia Wheels !
(le) 52.0 33.0
'A Total Weight of |
Inertia Wheel
System (1lbs) 93,2 79.5

o o m@e = ow
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Since the pitch wheel for the SK-513-10 vehicle configuration has a peak
power of 11L watts, with the above assumptions a power supply with a con-
tinuous ra£ing of 23 watts and a weight of approximately 52 pounds will be
required. The pitch wheel for the SK-513-1l vehicle configuration has a
peak power requirement of 76 watts and therefore wifi require a power supply
with a continuous rating of about 15 watts and a weight of approximately

33 pounds.

Table 6D-3 summarizes the results presented in the previous two tables
and permits the desired comparison between the weight of the inertia wheel

system and the jet fuel and tankage eliminated by the use of inertia wheels.

using inertia wheels for vehicle configuration SK-513-10 of approximately

21 pounds if wheels are used for vehicle configuration SK-513-1L.,

It should be pointed out that much of the weight in the inertia wheel system
is the result of the high torque requirement estimated for the pitch wheels,
If this torque requirement can be reduced, the inertia wheels should show &

greater weipht advantage. This will be the sﬁbject of further study.

Trade-off Comparison of Configuration SK=513-17 and -18 (FIXED SOLAR PADDLES)

From previous study results on inertia wheels and reaction jet it was
determined that it was advantageous to use reaction jet for the following

modes of control,

From this comparison it is apparent that there is no weight advantsge in l
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TABLE 6D-3

COMPARISON OF JET FUEL & INERTIA WHEEL WEIGHT

VEHICLE VEHICLE
CONFIGURATION CONFIGURATION
SX-513-10 SK-513-14
Total Weight
of Inertia Wheel 1
System (1bs) 93.2 79.5
Weight of Jet
Fuel & Tankage E
Eliminated (1bs) : 89.6 | 101
t
B T —, PR, ——ianr v N PR t
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a) Tumbling arrest
b) Acquisition
¢) Unload wheels (as result of average disturbance torques)
d) Manuevers required for AV corrections
e) Hold attitude is presence of AV misalignments
f) Antenna pattern maneuvers (if high rates are required)
The values of parameters used in determining impulse and thrust levels are:
Tumble rates

Roll -1°/sec  -17.L x 1073 rad/sec

Pitch =0.5°/sec =8.7 x 10~3 rad/sec

Yaw - 1°/sec  =17.h4 x 10> rad/sec
Search Rates

Roll - 0.2°/sec 3.49 x 1073 rad/sec

Pitch - 0.2°/sec 3.49 x 10=3 rad/sec

Yaw - 0.05°/sec 0.87 x 10-3 rad/sec
‘Antenna maneuver rate

Roll - 0,1°/sec - 1.7L x 10-3 rad/sec

Pitch - 0.1°/sec =1.7h x 103 rad/sec
Field-of-view

Horizon Sensor =~ *10° = °0.175 rad

Star Tracker - #1° . *0,0175 rad
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Configuration SK=513-17
Iy - 1226 slug-ft2
I, - 1677 slug-ft2
Jet Moment Arm-- 2,5 ft.
AV engine = 1 1bs (NS engine on y axis, EW engine on x-axis)
AV engine - CG variance - 0.6 inch

Total AV impulse - 15,000 1lb, sec,
Configuration SK-513-18

I, - 2068 slug-ft2

I, - 1k66 slug-£t2

I, - 2186 slug-ft?

z
Jet Moment arm - 2.5 ft

AV engine - 1 1bs (1 engine on z axis)
AVengine - CG variance - 0,6 incfa
Total AV impulse - 15,000 lb, seé

AV Maneuver rates.- 0.2 degrees/sec

Considerations in Determination of Thrust Levels

Several considerations must be sati..sfigd in selecting the thrust levels,

- 1. The thrust must be large enough to balance the misalignment torques

resulting from the firing of the AVengines.

2. The thrust must be large enough to acquire the references within the
field-of ~view of the sensors with the required search rates. The search
rates are dictated' by the ti:me allowed for acquisition.

3. The thrust should be small enough to allow wheels to maintain control

of attitude during unloading periods,
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The misalignment torque due to the AV engines in .05 ft. 1lb., for both con-
figurations, Assuming a 7084 duty cycle for the attitude control reaction
jets the jet torgue must be .715 ft-1lb to hold attitude. The required

roll and pitch thrust is ,0286 1lb. and the required yaw thrust is .0143 1b.

The thrust required for acquisition or orientation is shown in Table 6D-l,

for various search rates,

Table 6D-4 Thrust Levels for Acquisition

Axis & Configuration Thrust levels-pounds

Search Rate (°/sec)

.3°/sec  .25°/s .2°/sec  .15°/sec .1°/sec .05°/sec

Gonfiguration 17

Roll .067 .0L6 .029 - - -
Pitch .038 ,026 .017 - - -
Yaw - - - . 065 .029 .007

Configuration 18

Roll .06l .0L5S .028 - - -
Pitch .0L5S .031 .020 - - -
Yaw - - - .085 .038 .01

The times to complete the initial acquisition maneuver for various
search rates are tabulated in Table 6D-5, The times listed allow for
acceleration and deceleration times.
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Table 6D-5 Acquisition Time

Time in seconds

Search Rates

Pitch .3°%/sec .25°/s .2%/s .2%/s .15°%/sec

Roll .3°/sec .25°/s .2°%/s .2°/s .15°/sec
Yaw - .15°/sec .1°/s .1%/s .05%/s .05°/s
90° pitch L35 533 656 656 870
360° roll 1335 1613 2006 2006 2670
32° yaw 156 234 234 L68 L68
Total 1926 2380 2896 3130 L4008

Sihce one hour is considered as the required time for acquisition, the
chosen rates of maneuvering for acquisition are 0,2°/s in pitch and roll
and 0.05°/sec in yaw. This allows use of a jet thrust which is compatible
with that required for balancing the misalignment torques. The maximum

jet torque will be .075 ft-lbs (0.3 1bs with 2.5 ft moment arm) or 1.4 os-in.

If the inertia wheel has a stall torque capability of iO oz-in, this jet
size is low engugh to permit wheel control of the vehicle during the
unloading period. The wheel reversal torque should be 15 to 18»oz-in at
the unload point, Unlbading can still be done on a timed pulse basis wpich
will allow thie wheel to maintain control of the attitude with the required
accuracy,

Reaction Jet Momentum Storage

l. Arrest Tumbling - .
Configuration SK-513-17 :
Roll = 2150 x 17.L4 x 10~
Pitch = 1226 x 8%7 x 1073
Yaw = 1677 x 17.L x 1073

38 ft-1lp-sec
11 ft-lb-sec
29 ft-lb-sec

Configuration SK-513-18 ,
Roll = 2068 x 17.4 x 10-3 = 36 ft-1lb-sec
Pitch = 1466 x 8.7 'x 10-3 = 13 £t-1b-sec
Yaw = 2186 x 17.4 x 10=3'= 38 ft-lb-sec
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Acquisition

Acquisition of the sun from random orientation requires rotation about
the pitch and yaw axis; acquisition of earth required rotation about

the roll axis and acquisition of the star a rotation about the yaw axis,.
The assumed number of acquisitions is 25, Each rotation consists of a
start and stop.

Configuration SK-513-17

Roll = (25)(2)(2150)(3.49 x 10=3) = 376 ft-lb-sec
pitch = (25)(2)(1226)(3.L9 x 10™3) = 21k ft-lb-sec
Yaw = (253(2)(1677)(3.L9 x 1073) = 293 ft-lb-sec

(25)(2)(1677) (0,87 x 10=3) = 73 ft-lb-sec
Configuration SK-513-18

Roll = (25)(2)(2068)(3.49 x 10-3) = 362 ft-lb-sec
Pitch = (25)(2)(1L66)(3.L49 & 1073) = 256 ft-lb-sec
Yaw = (25)(2)(2186)(3.49 x 1073) = 382 ft-lb-sec

(25)(2)(2186)(0.87 x 107°) = 95 ft-lb-sec

Disturbance Torques

The momentum required to unload the wheels due to steady state torques

is due to unbalance of solar radiation pressure and gravity gradient

at offset points., Momentum due to gravity gradient was found by assuming
a 0.1 radian offseit in pitch and roll for a total of one year, The
values are:

Configuration SK-513-17

Roll - 30 ft-lb-sec

Pitch - 24 {t-1lb-sec
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Configuration SK-513-18
Roll - L8 ft-lb-sec
Pitch - 6 ft-lb-sec

solar radiation pressure the average value for roll was determined.

These values are:

For

Configuration SK-513-17 ~ 2620 ft-1b-sec
Configuration SK-513-18 - 2320 ft-1lb-sec

pitch and yaw, it was assumed that an average value of 10§ of peak

disturbance torque existed. The following assumptions were made with

fixed panels.

For

Panel area - L4O sq-ft-each
Moment arm‘ - 15 feet
Radiation pressure - 1 x 10~7 1b/ft2

& two year period this is 378 ft-lb-sec.

" Maneuvers for#¥correction

No maneuvers are required for configuration SK-513-17. A total of 16 pitch

and L4 roll maneuvers were used for configuration SK-513-18. Each man-

euver consists of a start-stop at 90° and start-stop back to zero. The

momentum requirements are:

‘Configuration SK-513-18

Roll = (4)(L)(2068)(3.49 x 1073) = 115 ft-1b-sec
Pitch = (16)(L)(1L66)(3.49 x 1073) = 327 ft-lb-sec
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R &isalignment-torque due to AV engine
A total impulse of 15,0001lb-sec is assumed for AV corrections. For
configuration SK-513-17 it is assumed that 1/2 the total impulse is
in each of the engines. Also the EW engine causes torques about the
y and z axes and the NS engine causes torques about the x and z axes.,
The CG variance is 0.6 inch. Far configuration 18 the engine causes a

torque about the x and y axis.

Configiration SK-513-17

Roll = (1/2)(15,000) (.6/12)(1)
(1/2)(15,000) (.6/12)(1)
(1) (15,000)(.6/12)(1)

375 ft-1lb-sec

1]

Pitch 375 ft-lb-sec

Yaw
Configuration SK-513-18
Roll = (15,000)(.6/12)(1) = 750 ft-lb-sec
Yag = (15,000)(.6/12)(1) = 750 ft-lb-sec

6. Antenna Pattern Maneuver
. The antenna maneuver consists of a start and stop at +30°, start and
stop at -30° and start and stop to 0°. Ten maneuvers are assumed for
roll and pitch.

Configuration SK-513-17

Roll = (10)(6)(2150)(1.7h x 1073) = 225 ft-lb-sec

Pitch = (10)(6)(1226)(1.7h & 10™3)

128 ft-lb-sec
Configuration SK-513-18
Roll = (10)(6)(1L66)(1.74 x 1073) = 216 ft-lb-sec

pitch = (10)(6)(1466) (1.7L x 10-3) = 153 ft-lb-sec

750 ft-lb-sec l
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The %otal momentum‘étorage required of the reaction jet system is shown

in Table 6D-6,

Table 6D-6 Momentum Storage Requirements

Ft-lb-sec
Mode ~ Configuration SK-513-17 Configuration SK-513-18
Roll Pitch Yaw Roll Pitch Yaw
1. Arrest Tumbling 38 11 29 36 13 38
2. Acquisition 376 21k 293 362 256 382
3. Disturbance Torque 30 2L - L8 6 -
2620 378 378 2320 378 378
L. Maneuvers for AV - - - 115 327 -
5. Misalignment Torque 375 375 750 750 - 750
6. Antenna Maneuvers 225 128 - 216 156 -

Totals 3884 1130 VSRR 38L7 1133 1653

The total impulse is as follows:

Configuration 17 41366h + llgp + 1423 = 2490 lb-sec
2 . |

Configuration 18 = 3847 + 1133 + 1643 = 2550 lb-sec
2.5

With a 100% contingency 5000 lb-sec of impulse can be considered adequate

for either configuration,

Using the above information, the basic inertia wheel characteristics for
vehicle configurations SK-513-17 and SK-513-18 was determined. This

information is shown in Tables 6D-7 through 6D-10.
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APPENDIX 6E

PRELIMINARY TRANSFER ORBIT CONTROL MODE ANALYSIS
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Preliminary Transfer Orbit Control Mode Analysis

There are two alternate approaches to accomplishing the transfer orbit
and synchronous injection., If the Burner II injection stage is used, the
vehicle would be actively stabilized throughout the transfer orbit and
injection phase using the Burner II control system. In this case the
spacecraft control system would begin functioning at separation of the
Burner II stage. For performance and cost comparison, a second approach
is considered in which a 9000 1lb thiokol engine is used for injection
and the vehicle is spin stabilized from Centaur separation until after
burnout of the injection engine. This preliminary analysis is directed
toward detemining the spin rates, the pointing accuracy (precession and
neutation), and the spin-up and despin system requirements of the spin

stabilized approach,

Thrust Misalignment

The largest disturbance requiring a means of control will be the angular
and offset misalignment of the 9000 pound apogee injection engine. An
angular misalignment of #0.25 degree (3 0 ) will produce a component of
39.7 1bsy of thrust normal to the body and at a moment arm of 3.5 feet for
configuration SK-513-17 and L.4 feet for configuration SK-513-18, This
results in a disturbing torque of

(3947 1bp)(3.5 feet) = 139.0 ft-lbs (SK-513-17)

(3947 1bg)(Loks feet) = 174.7 ft-lbs (SK-513-18)
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This results in the following spin rates:

2(&50) 1/2
W, = Jo3) (1 303 )(°017) = 15.l rad/sec = 147 RPM (SK-513-17)
‘ 2(L50) 1/2
w, = 2962 5
=11, =1 w -
( 529) (1 ) 529)( o17) 0 rad/sec 05 RPM (SK=513-18)

Therefore, the spin rate during apogee thrusting must be greater than the RSS of
the two required rates to assure a coning angle of less than one degree, This

is given as follows:

) 2] 12
W, -[392) + (1117)__J = 168 RPM (SK-513-17)
[{69)2 + (105)2:] 2 1o, meM (SK-513-18)

Centaur Separation Rates

Wy

The pitch rate at separation of the Centaur stage is given as 1,8 deg/sec,
The spin rate required to maintain less than a one degree cone in this case
is given as follows:

tan k = IXWY

Iyw,
I w
Y = y y
"z I, tan/{
2962)(.031 \
z m‘rj—l( 99_ )SOJ_% 2 = 10,k rad/sec

1140) (,031
Vo - O < 1.0 rad/ses

%
n

99 RPM (SK~513-17)

67 RPM (SK-513-18)

it
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producing a neutation or coning angle, The spin rate required to assure

that this torque will not produce a coning angle greater than ,l is

given by the following equation:

2
i

2 y
"z ) =, . &
Iy = Iy

The data for the two configurations is as follows:

SK-513-17 SK-513-18
Iy: 1140 2962
I,: 303 529
M: 139 .0 17)40 7
A 1.0 1.0

This results in a spin rate of:

Units

81ugs-ft2
Slugs-f“l'a2
ft-lbs
deg.

- 1/2
2(&39%
W, = —303 o = 8,6 rad/sec = 82 RPM (SK-513-17)
os) (2 - oamg) Coun)
i 1/2
2g%7hg
- = 7.2 rad = 69 RPM (SK-513-18
T BBl #Blean rad/acc = 69 RPM (SK-513-18)

Also considering a c.g. offset of 0.6 inches, a second disturbing torque is

obtained,

M= Sﬂ%&él - hso ft-1b
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Spin-up Mode

Generating the required spin rate would be accomplished by two spin-up jets
mounted on either side of the spin axis (z) at 2.5 feet moment arms. To

obtain a given spin rate, the total impulse (It) required is determined as

follows:

It-!f-IJt

for configuration SK-513-17,

Iy = (1682 s22 (35)%%)—37— = 3722 lb-sec

for configuration SK-513-18,

Iy = %%@ -(-66%%%.7—.?)- = 1574 lb-sec

Ascent Coast Phase

During the 15,75 hour coast to the third nodal crossing, the disturbance torques
are considered. Solar pressure, which will provide a disturbance, will be on the
order of 1 x 10-7 1b/ft2 acting on a calculated surface area of 200 ft and at

a pressure moment arm of 5 feet. This results in a torque of 1 x lO'h foote
pounds which is well below the thrust misalignment disturbance torque. Also,
gravity gradient ‘torques will be as high as 2.8 x 10~3 foot-pounds, while
aerodynamic torques near perigee could be as high as 0,5 x 10~ foot-pounds,

In view of these disturbances, a spin rate of 60 RPM is sufficient to maintain

spin axis orientation within one degree of its initial orientation,
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Observation

From the foregoing calculations, it is evident that spin rates in excess of
the structual limit of the stowed antenna (60 RPM) would be required if

pure spin stabilization were employed., In addition, these larger spin rates

would require significant spin-up impulse and despin yo=yo mass.

A more feasible approach is to use a much lower spin rate coupled with an active
lateral rate damping system. This system would employ the existing spacecraft
gyro unit for rate measurement, and a single on-off reaction jet mounted near
the injection engine nozzle, The exact size of this jet and the required spin
rate cannot be determined from closed form solutions. Therefore, an analog

computer solution of the differential equation-of-motion will be required.

If a spin rate of 60 RPM is selected, the spin-up jets must provide the
following total impulse:

For configuration SK=513-17,

1, - (60)(529) zzé?%%? = 1320 lb-sec

For configuration SK-513-18,

1. - (60)(303) (360)
t

B oy " T e

As an example, this would require two 25 pound engines 15 to 25 seconds to
accomplish, The system would weight from 8 to 13 pounds using an Isp of

200 seconds,
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The yo-yo despin system for configuration SK-513-17, sized for a 60 RPM

spin rate, and sufficient to reduce the in rate to less than 5 degrees per
second will weigh 14.7 pounds with the yo=-yo wires wrapped twice around the
vehicle., This ﬁroduces a 400 pound tension on each wire. For configuration
SK-513-18, the yo-yo system will weigh 8.5 pounds with a wire tension of 225
pounds. Altermately despin jets equivalent to the spin-up jets could be used

with no significant weight change,

This control system would consist of two spin-up jets, one reaction jet for
lateral axis rate control (possibly 2 level thrust), switching electronics,

and a yo-yo despin system. Rate measurements could be made with the existing

spacecraft gyro system.






